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1.1 Environment and energy issues 
Nowadays, environmental concerns, especially climate change, have become center 
of discussion. Rising carbon dioxide (CO2) and other greenhouse gas emissions largely 
resulting from fossil fuel combustion are contributing to higher global mean 
temperatures and to climate change
 [1-4]
. Many nations relay on coal, oil and natural gas 
to supply most of their energy needs, but over dependence on fossil fuels presents a big 
problem since fossil fuels are a finite resource. Eventually, it could be expected that the 
world will run out of fossil fuels, or it will become too expensive to retrieve those that 
remain. Additionally, we should also consider the fact that the potential for geopolitical 
conflict would lead to the escalating competition for these energy resources. Prof. 
Smalley stated there are 10 biggest problems facing our planet
[5]
. Among these 
problems, it was demonstrated that energy is the single most important factor that 
impacts the prosperity of any society. Facing these environment and energy issues, we 
can see there is a continuous increasing concern and efforts on cutting the CO2 emission 
caused by the use of traditional energy resources.  
Although the nuclear power show considerable share in the electric supplying, the 
continuous use of nuclear reactors has arisen considerable debate in many developed 
countries due to the safety concerns caused by possible nuclear waste. Therefore, 
effective approaches are needed to solve these energy issues we are facing. These facts 
making the world turn to the development of safety and sustainable energy resources. 
The development and some renewable energy resources, such as solar, wind and 




biomass energy, are considered as the most favorable and effective ways to solve the 
energy problems
[6-7]
. Aiming at creating sustainable society, many countries begin to 
develop and stimulate the application of renewable energy resources. On the other hand, 
electricity generation is no longer constant due to the increasing penetration of a great 
variety of renewable energy sources. It is definite that the imbalance has the potential to 
challenge grid operators as they manage an increasingly dynamic electric grid. 
Therefore, the intermittent nature of renewable energy requires the need for energy 
storage. It is necessary to apply lost cost electric energy storage technologies to smooth 
out the intermittency of these renewable energy productions. 
 
Fig.1.1 Schematic image of 10 biggest problems facing our planet. This graphic 




Stationary energy storage technologies and devices can be used to supply multiple 
functions that can improve the reliability of the electric grid
[8-11]
. The reasons are that 
stationary energy storage technologies can help to stabilize voltage and frequency, 
relieve possible momentary and prolonged stress on the grid
[9]
. Eventually, this can 
offset the need to build new power plants to meet increasing electricity demand and 




support increasing variable renewable generation. The wide application of the stationary 
energy storage technologies would also indirectly stimulate the development of 
renewable energy sources. As one of the most important branches of energy storage 
devices, electrochemical energy storage devices, such as rechargeable batteries and 
super-capacitors play very important role in our modern society.  
It is expected that the potential contribution of electrochemical energy storage 
technology can be extended to all levels of electricity grid
 [12-15]
. Smart grid has been 
considered as the backbone of the future de-carbonized power system. The application 
includes electricity generation, transition, distribution and finally customer
 [8]
. Energy 
storage technologies is expected to play a significant role in the future smart grid
 [9,13]
. 
Compared with the other electrochemical energy storage devices, rechargeable lithium 
ion batteries (LIBs) have been considered as an optimum solution for smart grid since it 
can help to maintain grid stability and flexibility.  
 
Fig.1.2 Schematic image of typical electrochemical energy storage devices. 
 




1.2 Introduction to LIBs 
1.2.1 General properties of LIBs 
As a member of a family of rechargeable batteries, lithium ion batteries are one of the 
common and most popular types of rechargeable batteries due to its high energy density, 
wide working temperature ranges, almost no memory effect and long cycling life. LIB 
was first commercialized by Sony Corp. in the 1991. During the past several decades, 
the capacity and performance of LIBs increases greatly as development of promising 
electrode materials progresses. The success of LIBs has been proved by the conquer 
share in portable devices during the past several decades. It is definite that the 
increasing demand for LIBs greatly stimulates the development of novel electrode 
materials for LIBs. In order to further boost the energy density of LIBs to extend the 
application in plug-in hybrid electric vehicles (PHEV) and electric vehicles (EV), 




1.2.2 Cathode materials for LIBs 
A great number of materials with different structures, such as layered LiMeO2
[20-25]
 
(Me=Co, Ni, Mn), spinel type LiMn2O4 
[26-30] 
and LiNi0.5Mn1.5O4, and polyanion type 
LiMPO4
[31-40]
 (M= Fe, Mn, Co), have been intensively studied and evaluated as cathode 
materials for LIBs. Lithium cobalt oxide LiCoO2 has dominated the share of cathode 
materials market for LIBs for a quite long period due to its promising electrochemical 
properties such as high electric conductivity and good reversible during lithium 
insertion and de-insertion process 
[20,21]
. Although LiCoO2 is a successful cathode 
material, alternatives are being developed to lower cost and improve stability. In 
addition, it is well reported that LiCoO2 is not as stable as other potential electrode 
materials and undergo performance degradation when overcharged[22-24]. Although 




the increase in charging voltage can result in high capacity, it can also cause more rapid 
capacity fading when it is cycled during recharging
[25]
. The possible reasons for the 
degradation of LiCoO2 during recharging would be the dissolution of Co ions in the 
electrolyte and formation of CoO2 layer after full delithiation. Also, it has been 
demonstrated that there is a sharp change in lattice parameter during recharging, which 




Fig.1.3 Schematic image of various cathode materials for LIBs. 
Manganese based oxides with layer structure have been studied intensively as 
attractive candidate cathode material for LIBs. Layered LiMnO2 is proved to be hard to 
prepare via traditional solid state method due to the formation of monoclinic phase
 [26]
. 
Therefore, ion exchange of NaMnO2 in Li salt has been employed for the synthesis of 
LiMnO2 with stable electrochemical property
 [27]
.Unfortunately, the LiMnO2 has been 
found to suffer from phase transformation on cycling, which causes capacity fading 






. Some strategies such as partially substitution of Mn with foreign 
metal ions have been involved to suppress the phase transformation
[28]
.  
Spinel LiMn2O4 is another promising cathode material and has been greatly studied 
as cathode materials for LIBs. In spinel LiMn2O4, lithium predominantly occupies the 
tetrahedral sites and Mn occupies the octahedral sites
[30]
. Different from LiMO2 with 
layered structure, the paths for lithium diffusion in spinel LiMn2O4 are 3-dimensional 
network of channels. Another advantage of LiMn2O4 is its low cost and safety 
compared with LiCoO2. However, the relatively lower capacity of LiMn2O4 compared 
to the cathode materials with layered structure hinders its application in EV. 
Furthermore, one of the challenges in the use of LiMn2O4 as a cathode material is that 
capacity loss can occur during cycling, which is mainly resulted from the dissolution of 
manganese in the electrolyte especially when cycled at elevated temperature. Some 
strategies, such as  transition metals ion doping and reducing the surface area have 
been used to suppress Mn
[31,32]
. 
The discovery of polyanion based cathode materials, such as LiFePO4 and LiMnPO4, 
with olivine structure has drawn considerable attention due to the advantages of being 
abundant, high thermal stability, environmentally benign, and inexpensive
[33-36]
. 
However, poly-anion materials show critical disadvantages of poor electronic and ionic 
conductivities, which is believed to be the main reason for the high polarization at high 
charge-discharge rate. Therefore, carbon coating and nanostructure approaches are 
required to overcome the above demerits. Besides the researches for the improvement of 
electrochemical performance of LiFePO4, there are also considerable studies which 
focused on the investigating and elucidating of the charge mechanism of LiFePO4
[37-40]
. 
Although it is well known that the LiFePO4-FePO4 is immiscible, Yamada et al. 




demonstrated that the LiFePO4-FePO4 is slightly miscible in the vicinity of the end 
numbers, 0< x<αand 1-β< x< 1[37]. Consequently, it is suggested that the electrode 
reaction of at room temperature is dominated by the movement of phase boundary. In 
their recent work, they have discovered and determined the superstructure in the metal 






. It has been demonstrated that this 
intermediate phase, also noted as lithium deficient phase and mixed-valent state, is 
expected to induce higher ionic as well as electronic conductivity that pristine LiFePO4 / 
FePO4 phase. 
Lithium-excess layered cathode materials, denoted as xLi2MnO3-(1-x)LiMO2 (M=Mn, 
Ni, Co, Fe), with layered structure have been a focus of studies and considered to be as 
next generation cathode materials for lithium ion batteries because of the high working 
voltage and high specific capacity over 230 mAh/g, which is significantly higher than 
the capacity of the above mentioned cathode materials
[41-46]
. Moreover, lithium and 
manganese rich metal oxide have the advantages of low cost due to the high content of 
inexpensive manganese. Furthermore, the redox reactions of transition metal ions 
during the lithium intercalation and de-intercalation process is insufficient to account 
for the large reversible capacity delivered by the Lithium-excess manganese metal oxide. 
One main reason for the unknown charge mechanism is that the compositions of this 
kind materials are in great varieties, leading it is difficult to determine the charge 
mechanism. Therefore, the charge mechanism for the high capacity is still on the center 
of discussion and many researchers are focusing on interpreting it. Some researchers 
believe that the release of oxygen from the lattice 
[47,48]
, others demonstrate that Li2O
[43]
, 
or Li2O2 or Li2CO3
[43]
 species formed on the cathode. Also, there are also assumptions 






 exchange occurred at elevated 






, further oxidation of Mn
4+
 to higher oxidation state
[51]
.  
Ohzuku et al. have proposed that the charge mechanism of solid solution cathode 
materials should be either oxidation of Mn to higher oxidation state or the reversible 
oxidation and reduction of oxide ions throughout the bulk
[42]
. Recently, Yabuuchi et al. 
demonstrated that beside the conventional transition metal redox reaction, 
electrochemical redox reaction of the oxygen molecules at the electrode surface would 
also contribute partly to the reversible capacity for the Lithium-excess manganese metal 
oxide
[43]
. It is broadly accepted that the formation of oxide ions plays a crucial role in 
compensating the charge balance
[42,43]
.Generally, one of the end members of the solid 
solution cathode materials is Li2MnO3. Also, solid solution materials such as with 
Li2TiO3 as end member were also reported to show electrochemical activity. Zhang et al. 
have intensively studied the electrochemical properties of Li2TiO3 based solid solution 
cathode
[52-54]
. Thackeray et al. also reported that Ti substitution samples show enhanced 
structural stability and high reversibility
[55,56]
. However, Ti content in such solid solution 
is not high enough to affect charge-discharge capacity due to the low content of Ti (5%).  
Although Li2TiO3 has similar structure as that of Li2MnO3, it can be considered 
electrochemically inactive and is not reducible into Ti
3+
 at high potential range
[57]
. The 
above features of Ti makes it is possible to investigate the charge-discharge mechanism 
of Li-excess Mn-based cathode materials by Ti substitution. We have synthesized a 
series of pure solid solution 2/3Li2MO3-1/3LiNi1/2M1/2O2(M = Ti，Mn) described as 
Li5/3Ni1/6Mn5/6-xTixO8/3(0 < x < 5/6). For x > 4/6 the samples, the capacity delivered at 
the voltage plateau region exceed the calculated capacity of Mn
4+/7+
, which indirectly 
prove that the at least part of the charge capacity at the voltage plateau correspond to the 
oxidation of oxide ions. Similarly, capacity based on Mn
4+/7+
redox couple is not 




sufficient to explain the observed large discharge capacity, implying that the reduction 
of oxide ions is involved during discharge process. The existence of oxide ions for x= 
3/6 electrode after the initial charge process was further confirmed by the XPS 
measurement. It is suggested that peroxide type species in the solid solution play an 
important role in electrochemical reaction. Also, we have tried to improve the 
electrochemical performance of Lithium-excess layered cathode materials through 
structure modification and optimization of synthesis method of the cathode. Recently, 
we reported that Ti substitution for Mn in 0.5Li2MnO3-0.5LiNi1/2Mn1/2O2 has the effect 





1.3 Introduction to sodium ion batteries 
1.3.1 General properties of sodium ion batteries 
Even though the drastic increasing research concerns in searching for novel electrode 
materials for sodium ion batteries (SIBs) recently, the research of SIBs can date back to 
early 1980s when researches of LIBs were still on their early stage. However, due to the 
commercialization of LIBs in the 1990 and its fast application in portable electric 
devices, development of SIBs has gradually become far away of the most researchers’ 
concerns. Even though LIBs offers excellent performances, more and more concerns 
regarding the possible increasing cost of LIBs would become the bottle-neck for the 
further application of LIBs in electric vehicles. Therefore, there are also increasing 
concerns for developing new energy storage devices with low cost and high energy 
density. Due to the abundance and low cost of sodium resources, many researchers have 
given their interest to the field of SIBs
 
in the past several years
[59-63]
. Regardless there 
are some disadvantages of SIBs, such as low volumetric energy density compared with 




LIBS, safety issues reacted to Na deposition on the anode side, there are still some 
advantages of SIBs compared with LIBs
[64]
. Some advantages can be concluded as 
following: 
1. The larger ionic radius of Na ion compared with Li ion results in great varieties of 
coordinate environment and improved stability of ordering structure with 
transition metal, which enables the possibility of searching of various functional 
materials for SIBs. 
2. Due to the weak Lewis acid strength of Na ion, desolvation energy of Na ion to 
solvents is lower than that of Li ion, leading to faster reaction kinetics between 
the boundaries. 
3. The formation of alloy with Aluminum is negligible for Na, which makes it is 
possible to replace the copper current collector with Aluminum at the anode side. 
4. It is possible that cathode materials with much higher stability for SIBs can be 
found. For example, it has been reported that NaCrO2 shows extremely high 
safety than LiFePO4 during the charge state. 
 
1.3.2 Sodium containing layered oxides as cathode materials for sodium ion 
batteries 
The structure and electrochemical properties of AMO2 (A: alkali metal, M: transition 
metal) bronzes with various structures such as P3, P2, O3 and O2 have been 
systematically studied by Delmas group
 [65-67]
. Here, the letters P, O represent the alkali 
environmental (prismatic and octahedral) and the numbers show the MO2 sheets in per 
unit cell. Among various Na containing compounds, layered sodium transition metal 
oxides NaxMO2 (M= Mn, Fe, Co, Cr, V) with P2 and O3 structure have been intensively 
studied as cathode materials for SIBs
 [68-72]
. Also, Na compounds with mixed transition 











have been investigated and are proved to show good electrochemical performance. 
Recently, a newly layered compound Na2/3Co2/3Mn2/9Ni1/9O2 with P2 structure was also 
found to show excellent capacity retention
[78]
. Furthermore, it has been reported that 
mobility of Na ions in P2 structure is faster than that of Li compounds with O3 structure 
[79]
. Delmas group reported that P2-type Na2/3Co2/3Mn1/3O2 shows only one voltage step. 




 in the slab prevents the Na
+
/VNa+ 
disordering, thus leading to the simple charge/discharge profile in Na2/3Co2/3Mn1/3O2
[80]
. 
Further, it has been reported that Li-substituted P2 compounds with the composition 
NaxLiyNizMn1-y-zO2 displayed smooth voltage profiles and can deliver improved cycling 
and rate performance
[81,82]
. By applying both neutron diffraction and 
7
Li nuclear 
magnetic resonance spectroscopy, Xu et al. demonstrated that the presence of Li ions in 
the transition metal layers enables more Na ions to reside in the prismatic sites. Due to 
the relatively high content of Na in the P2 structure upon charge, the phase 
transformation can be effectively delayed even at high voltage region
[82]
.Table1 presents 
the summary of various sodium containing layered metal oxides cathode materials for 
SIBs.The specific structure and electrochemical properties of these cathode materials 
can be found in the references. Besides sodium containing layered metal oxides, other 
types of materials have been studied and proposed as promising cathode materials for 
SIBs. The specific illustration of various kinds of cathode materials has been well 










Table 1.1 Summary of various sodium containing layered metal oxides cathode materials for SIBs. 
Summary of various sodium containing layered metal oxides cathode materials for SIBs. 







NaFeO2 O3 130 2.0-4.0 V Moderate [83] 
Na0.74CoO2 P2 107 2.0-3.8 V Poor [84] 
NaCrO2 O3 100 --- Moderate [71] 
Na2/3MnO2 P2 140 2.0-3.8 V Poor [85] 
NaNiO2 O3 80 2.0-3.5V -- [86] 
NaNi0.5Mn0.5O2 O3 185 2.0-4.5 V Poor [87] 
Na2/3Ni1/3Mn2/3O2 P2 160 2.0-4.5 V Poor  [73] 
NaFe1/2Mn1/2O2 O3 110 1.5-4.2 V Good [75] 
Na2/3Fe1/2Mn1/2O2 P2 190 1.5-4.2 V Good [75] 
NaNi0.5Ti0.5O2 O3 100 --- Good [88] 
Na1/3Co2/3Mn1/3O2 P2 110 1.5-4.0V poor [80] 
NaNi1/3Fe1/3Mn1/3O2 O3 120 2.0-4.0 V Excellent [74] 
NaNi1/3Co1/3Mn1/3O2 O3 120 2-3.75 V Moderate [89] 
Na0.45Ni0.22Co0.11Mn0.66O2 P2 140 2.0-4.25V Good [77] 
Na2/3Co2/3Mn2/9Ni1/9O2 P2 140 2.0-4.3V Good  [78] 
Na2/3Ni2/9Al1/9Mn2/3O2 P2 150 2.0-4.5 V Excellent [90] 
Na0.67Ni0.15Co0.15 Al0.05Mn0.65O2 P2 130 2.0-4.3V Excellent [91] 
NaLi0.2Ni0.25Mn0.75Oy P2 100 2.0-4.5V Excellent [81] 
 




1.4 Objective of this research 
Despite the excellent properties, Lithium-excess manganese metal oxide shows large 
irreversible capacity at the initial cycle thus leads to a low first cycle efficiency and 
poor cycleability upon cycling. Therefore, it is necessary to improve the first cycle 
efficiency of this cathode material so as to meet the practical application requirements. 
A great variety of approaches have been applied to improve the first cycle efficiency 
and cycleability of Lithium-excess layered cathode materials 
[92-96]
. Among them, the 
pre-cycling treatment demonstrated by Ito et al. is proved to be an effective way to 
resolve the above issues
 [92,93]
. However, due to the great variety of composition of 
Lithium-excess layered cathode materials, one can imagine that it would be difficult to 
determine the best precycling treatment conditions. Other researchers have proposed 
surface modification of the electrode materials for improving the first cycle efficiency 
and cycleability of Lithium-excess layered cathode materials 
[94-96]
. Despite of the 
drastic enhancement in the electrochemical performance of Lithium-excess layered 
cathode materials, it is difficult to control the thickness and uniformity of the coated 
material. 
Herein, in this thesis, we mainly focused a new synthetic route for Lithium-excess 
layered cathode materials through the simultaneous reduction and lithium exchange of 
P3-Na2/3Ni1/3Mn2/3O2 in molten salts consisting LiNO3 and LiI. By using this method, 
extra lithium can be incorporated into the P3 precursor to form LixNi1/3Mn2/3O2 (x>2/3). 
The objective of this thesis can be concluded as follows: 
① Development of a new synthetic route for the synthesis of Lithium-excess layered 
cathode materials with enhanced first cycle efficiency and cycleability for lithium 
ion batteries. 




② Improving the electrochemical performance of Li-excess cathode material through 
the optimization of precursor synthesis method and composition. 
③ Synthesis of Li2MnO3 based cathode material from different Na containing 
compounds. 
④ Understanding the reaction mechanism of P3-Na2/3Ni1/3Mn2/3O2 in LiNO3-LiI 
molten salt system. 
⑤ Improving the electrochemical performance of P2-Na2/3NixMn1-xO2 cathode 
material for Na ion batteries through metal ion substitution. 
⑥ Conclusions. 
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Development of a new synthetic route for the synthesis of Lithium-excess layered 




Lithium manganese oxide based cathode materials have been studied intensively as 
cathode material for Lithium ion battery owing to the abundance, lower cost and 
environmental benign of manganese
[1-7]
. Until now, a great variety of Mn based 







drawn the attentions of many researchers. Due to the difference in structure, those 
materials show quite different electrochemical properties. Layered LiMnO2 has been 
reported to be difficulty to prepare by traditional solid state method due to the formation 
of monoclinic phase
 [2]
. Therefore, ion exchange of NaMnO2 in Li salt has been used for 
the synthesis of layered LiMnO2 with stable electrochemical property
 [8, 9]
. Though 
LiMnO2 synthesized from ion exchange process showed relatively high capacity, it also 
undergoes capacity fading and transformation to spinel structure upon cycling 
[10]
. The 
recently developed Li excess manganese oxides, noted as xLiMO2-(1-x)Li2MnO3 
(M=Ni, Co, Fe, Ti), have attracted a considerable attention of many researchers due to 
their excellent properties in terms of high specific capacity and high working potential
 
[11-14]
. Despite the above properties, these materials suffer from some problems such as 
low first cycle efficiency, unstable cyclability and structure transformation during 
prolonged cycling. Consequently, further studies are necessary to circumvent the above 
issues.  
Delmas group has systematically studied the structure and electrochemical properties 




of AMO2 (A: alkali metal, M: transition metal) bronzes with various structures such as 
P3, P2, O3 and O2 have been 
[15-17]
. Here, the letters P, O represent the alkali 
environmental (prismatic and octahedral) and the numbers show the MO2 sheets in per 
unit cell. A series of Mn-based oxides, Li2/3Ni1/3Mn2/3O2, possessing layered structure 
have been investigated by Paulsen et al.
[18-22]
. They have demonstrated that 
Li2/3Ni1/3Mn2/3O2 can possess O2, O3, or T2 structure depending on the Na containing 
precursors and ion-exchange conditions. Generally, Na2/3Ni1/3Mn2/3O2 with P3 structure 
can be used as precursor to synthesize O3 Li2/3Ni1/3Mn2/3O2 through ion exchange 
reaction in LiCl-LiNO3 molten salt. It has been proved Li2/3Ni1/3Mn2/3O2 prepared from 
traditional ion exchange method show good electrochemical performance. However, the 
first charge capacity is only around 120 mAh /g in the voltage range 2.5-4.6 V since 
roughly 1/3 mol Li can be extracted from the lattice during the first charge process. In 
the following cycles, the reversible insertion and extraction of 2/3 mol Li in 
Li2/3Ni1/3Mn2/3O2 result in a capacity about 200 mAh/g. Another issue of 
Li2/3Ni1/3Mn2/3O2 is that the structure transformation from O3 to spinel like phase occurs 
during cycling. This has also been reported for Li excess manganese oxide cathode [23]. 
It is interesting to fins that another common feature between O3 type Li2/3Ni1/3Mn2/3O2 
and Li excess manganese oxide is that both of them show hysteresis in the 
charge-discharge profile. The above features of two cathodes inspire us to explore the 
possibility of preparing Li excess manganese oxide from P3 type Na2/3Ni1/3Mn2/3O2. 
In Na2/3Ni1/3Mn2/3O2, it is clear that Mn is in tetravalent state and it is possible that 
Mn
4+
 could be partially reduced to Mn
3+
 thus to incorporate more Li into the matrix. 
The use of LiI as reducing agent to incorporate extra to the host structure has been 
reported before
[24,25]
. Herein, in this study, simultaneous reduction and lithium exchange 




in molten salts consisting LiNO3 and LiI was employed to achieve this goal. By using 
this method, extra lithium can be incorporated into the P3 precursor to form 
LixNi1/3Mn2/3O2 (x>2/3). The structure and electrochemical properties of the as-prepared 
LixNi1/3Mn2/3O2 have been evaluated. The effect of metallic elements substitution on the 
structure and electrochemical properties of the as-prepared LixNi1/3Mn2/3O2 compound 
has also been examined. 
 
2.2 Experimental 
2.2.1 Synthesis of Na2/3Ni1/3Mn2/3O2 
Solid state method was used for the synthesis of LixNi1/3Mn2/3O2. The precursor P3 
Na2/3Ni1/3Mn2/3O2 was prepared through a simple combustion method. Typically, 
stoichiometric amounts of nickel nitrate (Ni(NO3)2), manganese nitrate (Mn(NO3)2 and 
sodium nitrate (NaNO3) were mixed in triethylenglycol. The mixture was fired at 
around 400 
o
C and ash like powder can be obtained after the vigorous combustion of 
organic materials. The decomposed powder was ball-milled for 1h and was 
subsequently calcinated at 700 
o
C in air for 10h to form P3 type Na2/3Ni1/3Mn2/3O2 
precursor. The obtained dark black compound was ground to fine powder for ion 
exchange. For the synthesis of P3 Na2/3Ni2/9M1/9Mn2/3O2 (M=Al, Co, Fe, Mg) precursors, 
similar procedure was used. 
2.2.2 Synthesis of Li2/3Ni1/3Mn2/3O2 and LixNi1/3Mn2/3O2 
The as prepared P3 Na2/3Ni1/3Mn2/3O2 was used to synthesize Li2/3Ni1/3Mn2/3O2 
through normal ion exchange method as reported before
[22]
. Typically, Na2/3Ni1/3Mn2/3O2 
was mixed with LiNO3 and LiCl and ground for ion exchange. The molar ratio of Li ion 
to Na ion was approximately 5:1. After soaking in the melt for 6h, the mixture was left 
to cool to room temperature. After the product was washed with hot water, filtered and 




dried, black power was obtained. 
Reduction-Ion exchange was done by using the molten salt composed of LiNO3 and 
LiI at 280
 o
C in air for 6h. During the ion exchange, purple I2 gas evolution was 
observed, which indicates the reduction of metal ions has evolved. After the melt was 
allowed to cool to room temperature, the mixture was washed with hot water to remove 
the residual lithium salt. Then, it was filtered and the recovered powder was dried at 80
 
o
C for 12h. The desired compounds turned to be in reddish powder.  
 
2.2.3 Instrumentation  
The structure of the compounds was characterized by powder X-ray diffraction 




 (CuKα radiation, XRD-7000, 
SHIMADZU). Induced coupled plasma (ICP) was used to determine the composition of 
the obtained compounds. Nitrogen adsorption-desorption isotherm were carried out 
after the samples were outgassed and dehydrated at 200 
o
C for 24 h (Micromeritics 
Gemini 2360, SHIMADZU). The specific surface area of each sample was calculated 
from the Brunauer-Emment-Teller (BET) method. The morphology of the compounds 
was observed by Scanning Electron Microscope (SEM, JEOL, JSM-5200) and 
Transmission Electron Microscope (TEM, JEOL, JEM-1210). Fourier transform 
infrared spectroscopy (FTIR) spectra of the samples were performed on a JASCO 400 
FTIR spectrometer. Samples were mixed with KBr and pressed to form pellets for 
measurement. Raman measurements were made with a spectrometer as reported in 
previous studies with some modifications 
[26, 27]
. The Raman spectra were measured by 
SpectraPro 2300i imaging spectrograph (Princeton Instruments, New Jersey) equipped 
with a liquid nitrogen cooled charge-coupled device (Spec-10:256E, Roper Scientific). 




All samples were excited with the 532 nm light available from a diode-pumped 
solid-state laser (Ventus532, Laser Quantum, Cheshire, UK), and a back scattered light 
was collected by collection optics. A long wave path edge filter (LP03-532RS-25, 
Semrock) was used to eliminate the intense Rayleigh light. All the spectra were taken at 
room temperature, and homemade software eliminated the noise spikes in the spectra 
caused by cosmic rays.  
 
2.2.4 Electrochemical characterization 
CR2032 type coin cells were used to evaluate the electrochemical properties of the 
obtained compounds. Lithium foil was used as the anode and glass fiber filter with a 
thickness of 100 μm was used as the separator (GA-100, made by ADVANTEC). For 
the fabrication of working electrodes, 20 mg active material together with 10 mg 
conducting binder (Teflon:Acetylene black=1:2) was mixed and pressed on the stainless 
steel mesh. Then, the electrodes were dehydrated by a vacuum dry at 180
 o
C for 6 h. The 
electrolyte used was 1 M lithium phosphorus hexafluoride (LiPF6) in a mixture of 
ethylene carbonate (EC) and dimethyl carbonate with (DMC) volume ratio of 1:2. The 
cells were assembled in a glove box filled with pure argon gas. The assembled cells 
were cycled at a current density of 20 mA/g (0.1 C rate) between 2.5 - 4.7 V at 50
 o
C.  




2.3 Results and discussion 
2.3.1 Characterization of LixNi1/3Mn2/3O2 
 
Figure 2.1 XRD patterns of P3 precursor, normal ion exchanged Li2/3Ni1/3Mn2/3O2 and 
LixNi1/3Mn2/3O2. 
 
Fig.2.1 shows the XRD patterns of P3 precursor Na2/3Ni1/3Mn2/3O2, normal ion 
exchanged product, Li2/3Ni1/3Mn2/3O2 and reduction-ion exchange sample, 
LixNi1/3Mn2/3O2. It was found that all peaks in the XRD patterns of Na2/3Ni1/3Mn2/3O2 
can be indexed to P3 layer structure with the space group of R3m. For Li2/3Ni1/3Mn2/3O2, 
all the peaks are indexed to a NaFeO2 structure with the space group of R3
-
m. Also, the 
10 20 30 40 50 60 70 80
10 20 30 40 50 60 70 80














strong peak located at16
 o
 in precursor shifts to high angle suggesting the exchange of 
Na with Li ions. Also, the splitting of peaks at 64
 o
 also reveals the well-defined layer 
structure of the ion exchanged samples. In the case of LixNi1/3Mn2/3O2, except for the 
peaks at 22
 o
, it shows almost same XRD patterns as that of Li2/3Ni1/3Mn2/3O2. The peaks 
located at 22
 o
 may be attributed to the super-lattice ordering of Li and Mn in the 
transition layers, since such superlattice peaks are observed for Li-excess based 
materials. 
In the case of  normal ion exchange samples carried out in LiNO3 and LiCl molten 
salt system, there is no appearance of the superlattice peaks in the XRD patterns since 
only 2/3 mol Li can be exchanged with Na. However, for the samples ion exchanged 
under the system of LiNO3 and LiI molten salt, it can be expected that extra Li could 
incorporat in Na2/3Ni1/3Mn2/3O2 due to the strong reduction ability of LiI. Li content of 
the two ion exchanged samples determined by ICP measurement is shown in Table 2.1. 
From the ICP results one can see that the Li content extends to more than 1.0 mol for 
LixNi1/3Mn2/3O2, revealing that extra Li can be incorporated in Na2/3Ni1/3Mn2/3O2 matrix 
to form lithium excess phase. The use of LiI as reducing agent to incorporate extra Li 
into P2 type Na2/3Ni1/3Mn2/3O2 has been reported by Shaju et al
 [28]
. They have 
demonstrated that utilization of LiI is effective to obtain O2 LiNi1/3Mn2/3O2 with 
partially Mn in trivalent state. 





Figure 2.2 SEM images P3 precursor (a) and (d), normal ion exchanged 
Li2/3Ni1/3Mn2/3O2 (b) and (e) and LixNi1/3Mn2/3O2 (c) and (f). 
 
SEM measurement for the precursor and ion exchanged samples were carried out to 
investigate the morphology of the samples. Fig.2.2 shows the SEM images of P3 
Na2/3Ni1/3Mn2/3O2, Li2/3Ni1/3Mn2/3O2 and LixNi1/3Mn2/3O2. It is clear to see that the 
average particle size of Na2/3Ni1/3Mn2/3O2 precursor is around 15-20µm. On the other 
hand, Li2/3Ni1/3Mn2/3O2 and LixNi1/3Mn2/3O2 seem to have similar particle size. Through 
the larger magnification SEM images it is easy to find that the aggregation of particle 
occurred in three samples, which is common for samples prepared by solid state method. 
This also implies that further optimization of synthesis method, such as co-precipitation 
method, would be an effective to reduce the secondary particle size as well as particles 
with uniform morphology. BET data listed in Table 2.1 indicates that the surface area of 




ion exchanged samples increased compared with that of P3 precursor.  
 
Table 2.1 Composition and surface area of P3 precursor and ion exchange samples. 
Intended composition Observed composition 




Na2/3Ni1/3Mn2/3O2 Na0.663Ni0.324Mn0.676O2+δ 5.7  
Li2/3Ni1/3Mn2/3O2 Li0.652Ni0.328Mn0.672O2+δ 6.3 
LiNi1/3Mn2/3O2 Li1.25Ni0.326Mn0.670O2+δ 8.6 
 
 
Figure 2.3 FTIR spectra of Li2MnO3, P3 precursors and ion exchanged samples  
 
It is well known that vibrational spectroscopy such as Fourier transform infrared 






















(FTIR) and Raman scattering, is strong technique sensitive to the short range 
environment of oxygen coordination around the cations in oxide lattices
[29]
. It is 
believed the above techniques are proper for the solving the problems of phase 
determination when various cationic environments are present. FTIR spectra have been 
employed in determining the local environment of the cations and the host matrix of 
cathode materials for LIBs
[30]
. Fig2.3 presents the IR spectra of P3 precursors and two 
ion exchanged samples. For comparison, the FTIR spectrum of Li2MnO3 was also 
presented. In the spectrum of Na2/3Ni1/3Mn2/3O2, there are mainly three bands can be 
observed. A broad shoulder around 620 cm
-1
, a strong band located at 520 cm
-1
 and 
small sharp band at 450 cm
-1
. These three IR active modes assigned to the stretching 
and bending vibrations of octahedrally coordinated molecule of MO6 in 
Na2/3Ni1/3Mn2/3O2 matrix. In the case of normal ion exchanged sample, 
Li2/3Ni1/3Mn2/3O2, the sharp bands at 420 cm
-1
 become broad and shoulder at 620 cm
-1
 is 
noticeable. Also, there is no obvious shift in the band position of main strong band at 
520 cm
-1
. However, the FTIR spectrum of LixNi1/3Mn2/3O2 is different from that of 
Li2/3Ni1/3Mn2/3O2. The strong band at 520 cm
-1 
shifts towards high frequency and band 
at 620 cm
-1
 is barely noticeable. Such a change in the FTIR spectrum might be 
attributed to the incorporation of extra lithium ion into Li2/3Ni1/3Mn2/3O2 which results in 
changing in the local environment of the cations. In comparison with the FTIR spectrum 
of Li2MnO3, LixNi1/3Mn2/3O2 shows similar FTIR features, which implies the similar 
cationic environment might exist in LixNi1/3Mn2/3O2 matrix. 





Figure 2.4 Raman spectra of Li2MnO3, P3 precursors and ion exchanged samples. 
 
Raman spectroscopy was carried out to further examine the local cation configuration. 
Fig.2.4 shows the Raman spectra of the precursors and their ion exchanged samples. It 
is noticeable that the Raman spectrum of Na2/3Ni1/3Mn2/3O2 contains four sharp peaks, 
which are located at 349, 394, 482, 593 cm
-1
. Also, a broad peak at 637 cm
-1
 can be 
observed. However, the Raman spectra of ion exchanged samples are quite different 
from those of precursors. Only two prominent peaks located at 484 and 605cm
-1
 can be 
detected for Li2/3Ni1/3Mn2/3O2. In comparison with the Raman spectrum of 
Na2/3Ni1/3Mn2/3O2, one can notice that there are peak shifts toward the high frequency 
side. Furthermore, peaks intensity reversed after ion exchange. Such change in peak 
position and peak intensity would be attributed to the different chemical bond 
environmental for the samples before and after ion exchange treatment. The Raman 




spectrum of Li2MnO3 phase contains seven main peaks, which are located at 614, 568, 
492, 438, 372, 334, 246 cm
-1
. The peak positions are in relatively good agreement with 
the reported values
[31]
. The Raman spectrum of LixNi1/3Mn2/3O2 contains two main 
sharp peaks located at 608, 490 cm
-1 
and two weak peaks located at 435, 374 cm
-1
. 
Similar Raman spectra have been confirmed for Li1.2Ni0.175Co0.1Mn0.52O2 solid 
solution
[32]
. Also, it was found that the detectable Raman peaks of LixNi1/3Mn2/3O2 
become broad compared to those of Li2MnO3. Such a broadening in Raman lines would 
be attributed to the generation of a cationic disorder due to the nature of the stacking 
faults. The Raman results are in broad agreement with that of FTIR would suggest that 
LixNi1/3Mn2/3O2 might exhibit similar cationic environment as that of Li2MnO3.  
Fig.2.5 displays the charge-discharge profiles of two ion exchanged samples 
measured at 50
 o
C. The measurement was carried out between 4.7 V and 2.5 V with a 
current density of 20mA/g (0.1C rate). Li2/3Ni1/3Mn2/3O2 delivers typical 
charge-discharge profiles as those of reported before 
[33]
. The first discharge capacity of 
Li2/3Ni1/3Mn2/3O2 is larger than the charge capacity since only 1/3 mol Li can be 
extracted from Li2/3Ni1/3Mn2/3O2. The reversible voltage plateau at around 3 V 




 redox couple.  










On the other hand, LixNi1/3Mn2/3O2 cathode exhibits rather different charge-discharge 
profiles. There is a gradual increase in capacity against potential below 4.5 V during 
charging of LixNi1/3Mn2/3O2 cathode. The charge capacity in this voltage range is around 









redox couples. Large voltage plateau can be observed when the cathode is 
charged above 4.5V. This plateau only appears at the first charge cycle and vanishes in 
the following cycles. This charge-discharge behavior is characteristic feature for 
lithium-excess manganese metal oxide, xLi2MnO3-(1-x) LiMO2 (M=Mn, Ni, Co, Fe). It 
has been demonstrated that the irreversible plateau observed at around 4.5V due to the 




extraction of Li from Li layer together with the oxygen release from the electrode
[23, 34]
. 
As it was proved by the XRD measurement, LixNi1/3Mn2/3O2 prepared from this method 
show similar XRD patterns to that of lithium-excess manganese metal oxides. 
Consequently, it is reasonable to obtain similar charge-discharge profiles as those of 
lithium-excess manganese metal oxides. However, different from the common 
lithium-excess manganese metal oxide which shows large irreversible capacity, 
LixNi1/3Mn2/3O2 prepared in this study exhibits extremely small irreversible capacity 
(around 11 mAh/g ) and high first cycle efficiency. Furthermore, the first charge 
capacity of LixNi1/3Mn2/3O2 is 249.9 mAh/g and the initial cycle efficiency can reach as 
high as 95.3 %. The initial cycle efficiency is higher than the reported Li2MnO3
[35]
 and 
lithium-excess manganese metal oxides 
[23, 36]
. The capacity retention after 30 cycles 
also keeps at 95.6 %, indicating good cycle performance of LixNi1/3Mn2/3O2 cathode. In 
addition to extremely low irreversible capacity and high capacity retention, one can see 
that most of the reversible capacity for LixNi1/3Mn2/3O2 cathode is delivered above 3V 
compared to Li2/3Ni1/3Mn2/3O2 cathode. This suggests that high energy density for 
LixNi1/3Mn2/3O2 can be obtained since its high operating voltage. It can be expected that 
the enhanced first cycle charge efficiency and better stability of our electrode materials 
would be contributed to several factors. One possible explanation might be that the 
existence of oxygen deficiency in the electrode material prepared from reduction-ion 
exchanged. The effect of oxygen deficiency in Li2MnO3 cathode material has been 
studied by Kubota et al
[37]
. According to their result, oxygen deficient Li2MnO3 also 
showed improved first charging efficiency and better cyclic stability. However, more 
advanced structural analysis techniques are necessary to clarify the reason for the 
improved electrochemical performance of LixNi1/3Mn2/3O2 electrode material. 




2.3.2 Characterization of metal ions substituted LixNi2/9M1/9Mn2/3O2 (M=Al, Co, Fe, 
Mg) 
Since we have succeeded in preparing LixNi1/3Mn2/3O2 cathode with good 
electrochemical properties, it would be of great interest to further investigate the 
influence of foreign metal substitution for Ni. Fig.2.6 shows the XRD profiles of P3 
precursors. All peaks in the XRD patterns of precursors were found to be indexed to P3 
layer structure with no impurities. Metal submitted show the same pattern as that of 
Na2/3Ni1/3Mn2/3O2, indicating that partial substitution of Ni by other foreign metal ions 
does not affect the long range structure of Na2/3Ni1/3Mn2/3O2. This observation is 
consistent with the metallic metal elements doped P2 Na2/3Ni1/3Mn2/3O2 reported by 
Komaba et al
 [38]
. It is supposed that the difference in metal ion radius may result in the 
change in the lattice parameters of the precursors. In order to study the effect ion radius 
of foreign metal on the structure of Na2/3Ni1/3Mn2/3O2, the lattice parameters of 
Na2/3Ni1/3Mn2/3O2 precursor and metal substituted samples were listed in Table 2.2.  
 





Figure 2. 6 XRD profiles of P3 Na2/3Ni1/3Mn2/3O2 and its metal substituted samples. 
 
The a and c axis of pristine Na2/3Ni1/3Mn2/3O2 were calculated to be 2.879 Å and 
16.721 Å, respectively. The, a, c axis, as well as cell volume of Na2/3Ni2/9Mg1/9Mn2/3O2 
and Na2/3Ni2/9Fe1/9Mn2/3O2 increase. This might be explained by the difference in ionic 
radii since Mg
2+
 (0.72 Å) and Fe
3+
 (0.645 Å) have larger ionic radii than the the average 
radii of Ni
2+ (0.690 Å) and Mn
4+
 (0.530 Å). Similarly, a, c axis and cell volume of 
Na2/3Ni2/9 Al1/9Mn2/3O2 and Na2/3Ni2/9 Co1/9Mn2/3O2 decrease due to the smaller ionic 
radii of Al
3+ 
(0.535 Å)  and Co
3+
 (0.545 Å) compared to Ni
2+ 
(0.690Å). This good 
agreement between the lattice parameter and ionic radii indicates that Ni is successfully 
substituted by the above elements.  
 
 


















































The XRD patterns of ion exchanged samples are shown in Fig.2.7 (a). Additionally, 
the enlarged XRD patterns in regions 20-24
 o
 and 62-66 
o
 are presented in Fig.2.7 (b) 
and Fig.2.7 (c), respectively. All the peaks in the ion exchanged samples are indexed to 
O3 structure with the space group of R3
-
m. From the enlarged XRD patterns shown in 
Fig.2.7 (b) one can notice the appearance of this super lattice peaks in all ion exchange 
samples though the peaks intensity and sharpness wary with samples. The splitting of 
peaks at 64
 o
 is indicative of the well-defined layer structure are shown in Fig.2.7 (c).  





Figure 2.7 XRD patterns of ion exchanged samples. 
 
Table 2.3 Lattice parameters of ion exchange samples. 




LixNi1/3Mn2/3O2 2.866 14.278 101.598 
LixNi2/9 Mg1/9Mn2/3O2 2.863 14.239 101.054 
LixNi2/9Al1/9Mn2/3O2 2.861 14.257 101.090 
LixNi2/9Fe1/9Mn2/3O2 2.864 14.292 101.536 
LixNi2/9Co1/9Mn2/3O2 2.853 14.253 100.649 
Table 2.3 shows lattice parameters of ion exchange samples. It has been confirmed 
that the lithium ion content of metal substituted samples shows nearly same value as 
that of LixNi1/3Mn2/3O2. Also, the shrinking in both c axis and cell volume can be 




observed for LixNi2/9M1/9Mn2/3O2 samples. The almost identical XRD patterns of 
LixNi1/3Mn2/3O2 and LixNi2/9M1/9Mn2/3O2 suggests that the small amount substitution of 
Ni with foreign metallic elements barely affects the long range structure. As is pointed 
out by Komaba et al., small amount dope of metallic element for O3 has little effect on 





Figure 2.8 TEM images of LixNi1/3Mn2/3O2 and metal substituted ion exchanged 
samples.(a) LixNi1/3Mn2/3O2, (b) LixNi2/9Mg1/9Mn2/3O2, (c) LixNi2/9Fe1/9Mn2/3O2,  
(d) LixNi2/9Co1/9Mn2/3O2. 
 
TEM images of LixNi1/3Mn2/3O2 and LixNi2/9M1/9Mn2/3O2 samples are presented in 
Fig.2.8. Faced and polygonal-shaped particles with nearly flat surface can also be 
observed Fig.2.8 (a). The primary particle size for LixNi1/3Mn2/3O2 is approximately 
100-250nm. There is almost no apparent difference in the primary particle before and 




after metallic element substituted as observed from the TEM images. This result reveals 
that mall amount substitution of metallic element for Ni seemed to have little effect on 
the primary particle size. 
 
 
Figure 2.9 Raman spectra of P3 precursors and their ion exchanged samples. 
 
Even though all the samples show similar XRD patterns, it is hard to confirm their 
short-range structure from XRD results. The obtained Raman spectra are shown in 
Fig.2.9. Four sharp peaks located at 349, 394, 482 and 593 cm
-1
 can be characterized to 
P3 Na2/3Ni1/3Mn2/3O2 as discussed above. From the Raman spectra one can see that all 
the metallic metal element substituted precursors display almost the same spectrum as 








































that of pristine Na2/3Ni1/3Mn2/3O2. Through further observation it is clear that the peaks 
in spectrum of Mg substituted sample are in high intensity than the other samples. In the 
case of ion exchanged sample, almost same trend is observed as for the precursors. For 
Mg substituted sample, LixNi2/9Mg1/9Mn2/3O2, Raman peaks located at 373 and 430 cm
-1
 
become predominant. The relatively well defined Raman peaks of LixNi2/9Mg1/9Mn2/3O2 
suggest the good crystallization and well growth integrity of the layered structure.  
The voltage profiles of the samples are shown in Fig.2.10. Metal ions substituted 
samples show similar voltage-capacity profile as those of LixNi1/3Mn2/3O2. The first 
charge capacity, discharge capacity, initial cycle efficiency and capacity retention after 
30 cycles are summarized in Table 2.4. Except for LixNi2/9Co1/9Mn2/3O2, one can find 
that the first charge capacity for other metal ions substituted samples is nearly same as 
that of un-substituted LixNi1/3Mn2/3O2. In the case of Al and Fe substituted samples, 
both of them show improved initial cycle efficiency compared to LixNi1/3Mn2/3O2. The 
first charge capacity of Co substituted sample is 283.1mAh/g, which value is much 
higher than that of pristine LixNi1/3Mn2/3O2. However, the capacity retention after 30 
cycles is 84.6%. For Mg substituted sample, extremely high capacity retention after 30 
cycles is obtained even though the initial cycle efficiency is lower than those of the 
other samples. From the above discussion it was found that LixNi2/9Mg1/9Mn2/3O2 shows 
good crystallization and well growth integrity of the layered structure. Also, it is 
reported that Mg might occupy both the Li and transition metal sites
 [39]
. Mg present in 
the Li layer would tend to stabilize the structure during charge-and discharge cycling.  





Figure 2.10 Galvanostatic charge-discharge profiles of LixNi1/3Mn2/3O2 and metal 
substituted ion exchanged samples. 
 
Table 2.4  1
st
 charge and discharge capacity, charge efficiency and capacity retention of 

















after 30 cycles 
(%) 
LixNi1/3Mn2/3O2 249.9 238.1 95.3 95.6  
LixNi2/9Mg1/9Mn2/3O2 249.8 220.0 92.7 105.3 
LixNi2/9Al1/9Mn2/3O2 247.3 236.6 95.7 95.3 
LixNi2/9Fe1/9Mn2/3O2 249.2 244.3 98.0 92.5 
LixNi2/9Co1/9Mn2/3O2 283.1 257.8 91.0 84.6 
 
















Figure 2.11. Cycle performance of LixNi1/3Mn2/3O2 and metal ions substituted samples. 
 
Cycle performance of ion exchanged samples at 50
 o
C is presented in Fig.2.11. The 
capacity of Co substituted cathode decreases rapidly in the first several cycles and 
continues to decrease upon cycling. For Al and Fe substituted cathodes, although there 
is rapid decay in capacity at the initial 5 cycles, they still exhibit relatively stable 
capacity retention upon further cycling. One can observe that substitution with Mg gives 
the best cycle performance compared to the other samples. The possible reason for the 
improved cycleability of Mg substituted cathode would be due to stabilization of the 
structure.  











































Figure 2.12 Rate capability of LixNi1/3Mn2/3O2 and metal ions substituted samples. 
 
Fig.2.12 displays the rate capability of various ion exchanged samples. All the 
cathodes were cycled in the voltage range of 2.5-4.7 V at 50
 o
C with various current 
density. One can see that LixNi2/9Co1/9Mn2/3O2 displays higher capacity than those of 
other cathodes at the initial several cycles. This could be contributed to the elevated 
conductivity of LixNi1/3Mn2/3O2 after Co substitution. However, the capacity at higher 
current density drops and becomes lower than pristine LixNi1/3Mn2/3O2, which might be 
due to the capacity fading at prolonged cycles. For LixNi2/9Mg1/9Mn2/3O2, the capacity 
increase gradually at the first several cycles and delivers good rate capability compared 
with the other samples. 
 
 


















































A new facile synthesis procedure has been proposed to prepare Li2MnO3 related 
cathode materials via a simultaneous reduction-ion exchange of P3 type 
Na2/3Ni1/3Mn2/3O2. Compared with the samples prepared from conventional ion 
exchange method, extra Li, more than 1/3 mol, were successfully incorporated in 
Li2/3Ni1/3Mn2/3O2 matrix to form LixNi1/3Mn2/3O2 under a simultaneous reduction in 
LiNO3-LiI molten salt system. The as synthesized LixNi1/3Mn2/3O2 showed nearly the 
same XRD patterns and similar cationic environment as that of Li-excess manganese 
oxide based cathode materials. The galvanostatic charge-discharge curves of 
LixNi1/3Mn2/3O2 cathode are similar to those of Li2MnO3. Furthermore, it was found that 
LixNi1/3Mn2/3O2 cathode showed extremely small irreversible capacity and improved 
cycling performance. The XRD, FTIR and Raman results of LixNi2/9M1/9Mn2/3O2 
suggests that partially substitution of Ni with other foreign metal ions seemed to have 
little effect on the structure of LixNi1/3Mn2/3O2. Mg substituted cathode showed 
improved cycleability as well as rate capability compared to other metal ions substituted 
samples. It was considered that Mg substitution could be beneficial for stabilizing the 
LiMnO2 structure thereby leads to improved electrochemical properties. Our study 
demonstrates that the proposed simultaneous reduction-ion exchange method can be 
used to prepare Li-excess manganese based cathode material with enhanced first cycle 
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Improving the electrochemical performance of Li-excess cathode material 
through the optimization of precursor synthesis method and composition 
 
3.1 Introduction 
In the above study, a facile synthetic route for the synthesis of Li2MnO3 related 
cathode materials through the simultaneously reduction-ion exchange reaction of 
P3-Na2/3Ni1/3Mn2/3O2 precursor in LiNO3-LiI molten salt was developed. It was found 
the obtained LixNi1/3Mn2/3O2 show enhanced first cycle efficiency and cycleability as 
cathode material for lithium ion batteries. The reversible capacity of the as-prepared 
LixNi1/3Mn2/3O2 was around 230 mAh/g after 30 cycles. In order to further improve the 
specific capacity and rate capability of this kind of cathode material, we turned to the 
optimization of the precursor synthesis method. As reported in our previous study, the 
synthesis and characterization of Li2MnO3 based cathode material through reduction-ion 
exchange by solid state method. It was found the obtained LixNi1/3Mn2/3O2 show 
enhanced first cycle efficiency and cycleability as cathode material for lithium ion 
batteries
[1]
. It is well known that the synthesis method has significant influence on the 
material properties in respect to particle size distribution, particle aggregation state, 
surface area and density. This parameters will directly affect the electrochemical 
properties of the material when use as cathode materials for Lithium ion battery.  
Solid state combustion (SS) method has been successfully used in the preparation of 
various materials. This method can provide fast synthesis of the target material. 
However, this method makes use of highly exothermic reactions between the reactive 




compounds. Therefore, explosive reactions are involved and thus it is difficult to control 
the reaction.Spray dry (SD) produces the most homogeneous product for 
multi-component solutions and slurries. Each particle will be of the same chemical 
composition as the mixed feed. The surface area produced by atomization of the liquid 
feed enables a short gas residence time, ranging from 3-40 seconds depending upon the 
application, which permits spray drying without thermal degradation. However, one 
disadvantage of spray drying is that during the process high temperatures will be needed. 
Also, P3-Na2/3Ni1/3Mn2/3O2 samples prepared from SD method shows high surface area 
and thus result in low tap density.  
Carbonate co-precipitation (CP) method has been widely used to prepare metal 
oxides. The conventional method of synthesis of the composite materials involves 
coprecipitation of transition metal carbonates and  calcination at high-temperature. It is 
considered that CP method is suitable to prepare samples with uniform particles and 
particle size distribution. However, reaction times are longer because of slower reacting 
carbonate-based chemistry. The powder is poly-crystlline and shows a unique core-shell 
structure, where the electron diffraction pattern and preferred-growth direction of the 
core is different from that of the shell. While the performance of this powder is 
excellent, the synthesis process is a multistep, slow, energy intensive process. 
 Besides solid state combustion (SS) method in previous study, spray dry (SD) and 
carbonate co-precipitation (CP) method were employed for the synthesis of 
P3-Na2/3Ni1/3Mn2/3O2 precursors in this study. The influence of precursor synthesis 
method on the structure and electrochemical properties of LixNi1/3Mn2/3O2 cathode were 
investigated. Moreover, further investigation for the difference between the 
conventional ion exchange sample and reduction-ion exchange sample were also carried 




out in this study. 
 
3. 2 Experimental 
3.2.1 Synthesis of P3 Na2/3Ni1/3Mn2/3O2 precursors through various methods 
Na2/3Ni1/3Mn2/3O2 was prepared through a simple combustion method as described in 
previous study[1]. Typically, stoichiometric amounts of nickel nitrate (Ni(NO3)2), 
manganese nitrate (Mn(NO3)2 and sodium nitrate (NaNO3) were mixed in 
triethelyglucol. The mixture was fired at around 400
o
C and ash like powder can been 
obtained after the vigorous decomposition of organic materials. The decomposed 
powder was ball-milled for 1h and was subsequently calcinated at 700
o
C in air for 10h 
to form P3 type Na2/3Ni1/3Mn2/3O2 precursor. The sample is hereafter referred as 
Na2/3Ni1/3Mn2/3O2-SS. 
Spray dry method was carried out with a spray drying instrument (pulvis mini-spray 
GB22, Yamato, Japan).The precursor solution was prepared by dissolving 
stoichiometric NaNO3,Ni(CH3COO)2•4H2O and Mn(CH3COO)2•4H2O in water. The 
solution was then pumped into the spray dry instrument for reaction. The obtained 
power was heated at 350
 o
C and ground. The ground power was ball-milled for 1h and 
was subsequently calcinated at 700
o
C in air for 10h to synthesize P3 type 
Na2/3Ni1/3Mn2/3O2 precursor.  
Carbonate co-precipitation method was employed to synthesis precursors with 
uniform particle size distribution. Stoichiometric solutions of MnSO4, NiSO4 and mixed 
with the Na2CO3 solution under magnetic stirring at 55
 o
C. The precipitated powders 
were filtered and washed with large amount of water and then followed by drying at 80
 
o
C for 12h. The obtained powder was sintered at 500
 o
C for 6h and was subsequently 
ground.  The ground power was then mixed with stoichiometric amount of NaNO3 and 




the mixture was subsequently calcinated at 700 
o
C in air for 10h to form P3 type 
Na2/3Ni1/3Mn2/3O2 precursor.  
3.2.2 Synthesis of Li2/3Ni1/3Mn2/3O2 and LixNi1/3Mn2/3O2 
The as prepared P3 Na2/3Ni1/3Mn2/3O2 was used to synthesis Li2/3Ni1/3Mn2/3O2through 
normal ion exchange method as reported before[1]. Typically, Na2/3Ni1/3Mn2/3O2 was 
mixed with LiNO3 and LiCl and grounded for ion exchange. The mole ration of Li ion 
to Na ion was approximately 5:1. After soaking in the melt for 6h, the mixture was left 
to cool to room temperature. After the product was washed with hot water, filtered and 
dried, black power can been obtained. 
Reduction-ion exchange of the obtained precursors was done by using the molten salt 
of mixture of LiNO3 and LiI at 280
o
C in air for 6h. After the melt was allowed to cool to 
room temperature, the mixture was washed with hot water to remove the residual 
lithium salt. Then, it was filtered and the recovered powder was dried at 80
o
C for 12h.  
3.2.3 Instrumentation 
The structure of the compounds was characterized by powder X-ray diffraction 




 (CuKα radiation,XRD-7000, 
SHIMADZU). Induced coupled plasma (ICP) was used to determine the chemical 
composition of the obtained compounds. The morphology of the compounds was 
observed by Scanning Electron Microscope (SEM, HITACHI, S-3000N) and 
Transmission Electron Microscope (TEM, JEOL, JEM-1210). Dynamic light scattering 
(DLS) measurements were carried out with an electrophoretic light scattering 
spectrophotometer at a fixed 165 degree scattering angle (Otsuka ELS-Z). Nitrogen 
adsorption-desorption isotherm were carried out after the samples were out-gassed and 
dehydrated at 200 
o
C for 24 h (Micromeritics Gemini 2360, SHIMADZU). The specific 
surface area of each sample was calculated from the Brunauer-Emment-Teller (BET) 




method. The tap density is achieved by mechanically tapping a measuring cylinder 
containing a power sample. After observing the initial volume, the cylinder is 
mechanically tapped, and volume readings are taken until little further volume change is 
observed. Generally, replicate measurements were carried out for the determination of 
tap density. 
3.2.4 Electrochemical characterization 
CR2032 type coin cells were assembled to evaluate the electrochemical properties of 
the obtained compounds. Lithium foil was used as the anode and polypropylene as 
separator. For the fabrication of working electrodes, 20 mg active material together with 
10 mg conducting binder (Teflon:Acetylene black=1:2) was mixed and pressed on the 
stainless steel mesh. Then, the electrodes were dehydrated by a vacuum dry at 180
o
C for 6 
h.The electrolyte used was 1 M lithium phosphorus hexafluoride (LiPF6) in a mixture of 
ethylene carbonate (EC) and dimethyl carbonate with (DMC) volume ration of 1:2. The 
cells were assembled in a glove box filled with pure argon gas. The assembled cells were 
cycled at a current rate of 20 mAg
-1
 between 2.5V and 4.7 V at 50
o
C. Cyclic voltammetry 
(CV) measurement at 50
 o
C was performed at a scan rate of 0.1mV s
-1
 between 2.0 V and 
4.7 V with Li as counter and reference electrode. 
 
3.3 Results and discussion 
3.3.1 Structural and morphological characterization of P3-Na2/3Ni1/3Mn2/3O2 
precursors and their reduction-ion exchanged samples  
Fig.3.1 shows the XRD patterns of P3-Na2/3Ni1/3Mn2/3O2 precursors prepared by three 
methods. All peaks in the XRD patterns of the three precursors can be indexed to P3 
layer structure with space group of R3m. This suggests that these three methods are 
proper to synthesize P3-Na2/3Ni1/3Mn2/3O2 precursors. The lattice parameters of 




precursors prepared by different methods are summarized in Table 3.1. It can be seen 
that all the samples show similar a, c and V values, implying the high purity of the 





compared to samples prepared by other two methods. The BET surface area of 









, respectively. The surface area of precursors may play an important role during the 
ion exchange process. It can be expected that precursors with high surface area would 
facilitate Li ion exchange and incorporation of Li into Na2/3Ni1/3Mn2/3O2 matrix. Tap 
density of the three precursors is also listed in Table 3.1. Among the precursors, 
Na2/3Ni1/3Mn2/3O2-SS shows the highest tap density (2.08 g cm
-3
), followed by 
Na2/3Ni1/3Mn2/3O2-SD (1.53 g cm
-3
) and Na2/3Ni1/3Mn2/3O2-CP (1.86 g cm
-3
). The above 
comparison of surface area and tap density reveals that the synthesis method have great 
effect on the surface area and tap density of the obtained precursors.  
 
 
Figure 3.1 XRD patterns of P3-Na2/3Ni1/3Mn2/3O2 precursors prepared by three different 
methods. 
 






















Table 3.1 Lattice parameters, surface area and tap density of Na2/3Ni1/3Mn2/3O2 
precursors 
Sample 










Na2/3Ni1/3Mn2/3O2-SS 2.879 16.721 120.04 5.7 2.08 
Na2/3Ni1/3Mn2/3O2-SD 2.879 16.755 120.32 20.7 1.53 
Na2/3Ni1/3Mn2/3O2-CP 2.872 16.734 119.50 14.5 1.86 
 
SEM images of P3 precursors prepared by all three methods are shown in Fig.3.2. 
One can notice that the particles prepared by solid state method are strongly aggregated 
and the average particle size of secondary particles is around 15-20µm. Samples 
prepared by spray dry method show small degree of aggregation and reduced particle 
size as compared to samples prepared by solid state precursors. Precursors prepared by 
co-precipitation give almost uniform particles with average particle size of 10 µm. The 
above SEM images indicate that co-precipitation method is effective to reduce the 
secondary particle size as well as to obtain samples with uniform morphology. The 
comparison of the SEM images of the three precursors clearly evidenced that the 
particle size is strongly affected by the synthesis method.  





Figure 3.2. SEM images P3-Na2/3Ni1/3Mn2/3O2 precursors prepared by three different 
methods. (a) and (d): SS method; (b) and (e): SD method; (c) and (f): CP method. 
 
 
Figure 3.3 XRD patterns of three reduction-ion exchanged samples. 
 
The XRD patterns of reduction-ion exchanged samples are shown in Fig.3.3. It can 
be seen that all the samples show nearly identical XRD patterns. The peaks in the ion 
































































exchanged samples can be indexed to O3 structure with the space group of R3
-
m. Also, 
it is noticeable that the appearance of super lattice peaks around 2=21o in all ion 
exchange samples though the peaks intensity and sharpness vary with samples. This 
indicates that the as-prepared samples might show Li2MnO3 type phase. The existence 
of Li2MnO3 phase in LixNi1/3Mn2/3O2 has also been proved by the Raman scattering and 
FTIR measurement previously 
[1]
. Also, the splitting of (118) and (110) peaks at 64
 o
, 
especially prominent for LixNi1/3Mn2/3O2-CP, suggesting that it may adopt relatively 
well-defined layered structure.  
 
Table 3.2 Chemical composition, Lattice parameters and surface area of LixNi1/3Mn2/3O2 
precursors 
Sample 
Chemical composition Lattice parameters Intensity ratio Surface area 





LixNi1/3Mn2/3O2-SS Li1.25Ni0.33Mn0.67O2+δ 2.866 14.278 4.982 1.67 8.6 
LixNi1/3Mn2/3O2-SD Li1.38Ni0.31Mn0.66O2+δ 2.868 14.266 4.974 1.51 22.6 
LixNi1/3Mn2/3O2-CP Li1.41Ni0.32Mn0.66O2+δ 2.862 14.297 4.995 1.78 18.4 
 
Table 3.2 gives the chemical composition, lattice parameters and surface area of the 
reduction-ion exchanged samples. It is confirmed that the reduction-ion exchange 
products have similar composition except for the content of Li. It is clear to observe that 
reduction-ion exchanged samples prepared from spray dry and co-precipitation 
precursors show relatively higher Li content. This might be due to the precursors 
prepared by spray dry and co-precipitation methods have small particle size and high 




surface area. Also, it was found that Li content can reach to 1.41 mol for 
LixNi1/3Mn2/3O2-CP, demonstrating that extra Li was incorporated in LiNi1/3Mn2/3O2 and 
thus Li excess phase can be formed. Comparing the lattice parameters of various 
reduction-ion exchanged samples it is noticeable that Li1.41Ni0.32Mn0.66O2+δ shows the 
highest c/a value and I(003)/I(104) peak intensity ratio, indicating that this material adopts 
better crystallinity than the other materials. Furthermore, a slight increasing of surface 
area for reduction-ion exchanged samples might indicate that decreasing of particle size 
during the Li incorporation process.  
 
 
Figure 3.4 SEM images and particle size distribution of LixNi1/3Mn2/3O2 samples. (a), 
(b) and (c): solid state method; (d), (e) and (f): spray dry method; (g), (h) and (i): 
co-precipitation method. 
 




  Fig.3.4 presents the SEM images and particle size distribution of LixNi1/3Mn2/3O2 
samples prepared from all three precursors. Comparing with the SEM images of the 
precursors, it was found that reduction-ion exchanged samples seem to adopt similar 
morphology of precursors and there is no obvious change in the morphology. 
Furthermore, it can be observed that the aggregation of the particles slightly decreased 
after reduction-ion exchange treatment. This seems to be consistent with the slight 
increasing in surface area of reduction-ion exchanged samples as described above. In 
order to determine the average value of the particle size and particle size distribution, 
dynamic light scattering (DLS) measurement were performed for three samples. The 
average particle size of LixNi1/3Mn2/3O2 samples determined with the DLS technique are 
shown in Fig. 3.4 (d), (e), (f). The average particle size of Li1.25Ni0.33Mn0.67O2+δ nearly 3 
times larger than those of Li1.38Ni0.31Mn0.66O2+δ and Li1.41Ni0.32Mn0.66O2+δ. These values 
are much smaller than the values observed with SEM would possibly due to the 
disaggregation of particle clusters during DLS measurement. From the above 
morphological studies it can be concluded that the precursor synthesis method has 
significant influence on the specific surface area, particle size and particle size 
distribution of the final LixNi1/3Mn2/3O2 samples. Among the investigated precursors, it 
was found that LixNi1/3Mn2/3O2 synthesized from co-precipitation precursor shows 
smaller particle size, less particle aggregation, narrow particle size distribution and 
relatively higher surface area. The above features of Li1.41Ni0.32Mn0.66O2+δ would be 
suitable lithium diffusion, especially at high current density. 




3.3.2 Electrochemical performance of various reduction-ion exchanged samples 
 
Figure 3.5 Charge-discharge profiles of LixNi1/3Mn2/3O2 samples examined at 50
 o
C. 
Fig.3.5 displays the galvanostatic charge-discharege profiles for all the samples. The 
measurement was carried out in the potential region between 2.5 and 4,7V at a current 
density of 20 mAg
-1
. All the samples show almost identical potential profiles though the 
capacity varies with samples. As reported in our previously study, potential profiles of 
samples prepared via reduction-ion exchange method is quite similar as those of 
Li2MnO3 based cathode materials 
[1]. During charge of LixNi1/3Mn2/3O2 cathode, there is 
continuous increasing of potential from about 3.6 to 4.5V. Charge capacity in this region 
is around 110~120 mAhg
-1









redox couples[2]. Further, apparent voltage plateau above 4.5 V 
appears only at the first charge cycle and disappears in the following cycles. This 
charge-discharge behavior is characteristic feature for Lithium-excess layered cathode 
material, xLi2MnO3-(1-x) LiMO2 (M=Mn, Ni, Co, Fe) 
[2-6]. This irreversible plateau has 
been observed in Li-excess based cathodes and has been demonstrated to the extraction 


















































of Li from Li layer together with the oxygen release from the electrode
[2,7,8]
. The 
capacity in the 4.5V plateau region varies with samples. The first charge capacity, 
discharge capacity, initial cycle efficiency and capacity retention after 30 cycles for the 
three samples are summarized in Table 3.3. It is seen that all the samples show small 
irreversible capacity and the initial cycle efficiency for all the samples are over 95%. 
Especially for Li1.41Ni0.32Mn0.66O2+δ, it delivers high first discharge capacity about 270 
mAhg
-1
 with initial cycle efficiency increases to as high as 98%. This high initial 
coulombic efficiency is high than the reported value for pristine
[2,3] 
and surface modified 
xLi2MnO3-(1-x) LiMO2 (M=Mn, Ni, Co)
 [8, 9]
. Furthermore, the discharge capacity of 
Li1.41Ni0.32Mn0.66O2+δ cathode after 30 cycles is over 250 mAhg
-1
, suggesting that 
improved reversible capacity can be achieved for sample prepared form co-precipitaion 
method. The improved initial cycle efficiency and high discharge capacity of 
Li1.41Ni0.32Mn0.66O2+δ compared to the other two samples are mainly due to its smaller 
particle size and relatively higher surface area which can facilitate lithium ion diffusion. 
The lower capacity retention of Li1.38Ni0.31Mn0.66O2+δ might be due to the large surface 
area compared with the other two samples. 
Table 3.3 1
st
 charge and discharge capacity, charge efficiency and capacity retention of 




























after 30 cycles 
(%) 
Li1.25Ni0.33Mn0.67O2+δ 249.9 238.1 95.3 227.6 95.6 
Li1.38Ni0.31Mn0.66O2+δ 261.7 252.8 96.6 232.0 91.8 
Li1.41Ni0.32Mn0.66O2+δ 276.6 270.8 98.0 251.4 92.7 





The relatively lower initial charge capacity of LixNi1/3Mn2/3O2 samples at the plateau 
region suggesting that the amount of oxygen release from reduction-ion exchanged 
samples might be lower than those of Li-excess layered cathode materials prepared from 
traditional synthesis method. It is suspected that lower oxygen release from the structure 
would therefore result in the retention of more oxide ion vacancies in reduction-ion 
exchanged samples after the first charge. This might be one possible reason that the 
initial columbic efficiency of Li-excess layered cathode materials prepared by the 
reduction-ion exchange method is as high as ~95%.Wang et al. have demonstrated that 
the irreversible capacity of Li-excess layered cathode materials can be significantly 
decreased through the double layer surface modification of the cathode with AlPO4 and 
Al2O3
 [10]
.They also demonstrated that the decreased irreversible capacity of Li-excess 
layered cathode materials was attributed to the retention of the oxide ion vacancies in 
the lattice. Also, another possible reason for the improved first cycle charge efficiency 
might be due to the existence of oxygen deficiency in the reduction-ion exchanged 
samples
 [1]
. Further study is under gong to clarify the possible reason for the ultra high 
initial columbic efficiency of this cathode.  





Figure 3.6 dQ/dV plots of LixNi1/3Mn2/3O2 samples obtained from the corresponding 
galvanostatic charge-discharge profiles. 
 
Fig.3.6 presents the differntial capacity vs. potential (dQ/dV) plot of the three 
samples obtained from the cooresponding galvanostaic charge-discharge profiles.It can 
be seen that the dQ/dV curves at the initial several cycles for LixNi1/3Mn2/3O2 cathodes 









redox couples. Also, the appearance of broad peak between 3.0 




redox couples. Upon cycling, it is worth noting that 




redox peak shifts towards lower potential and peak becomes 
sharper. This voltage fade phenomenon during cycling is common to xLi2MnO3-(1-x) 
LiMO2 based materials, especially for cathode with high Mn content
[11, 12]
.This is mainly 
attributed to the structure transformation during charge-discharge process. Furthermore, 
another important observation is the appearance of small anodic peak at 3.1V and 
cathodic peak at 2.8V for the three samples at the 30
th
 cycles, which might reveal that 




























































the fromation of spinel-like phase. However, dQ/dV can only show the possibility that 
the exsitence of spinel-like phase after long cycling and further study is necessary to 
confirm the formation of spinel-like phase. 
The cycling performance of prepared by different methods cycled at current density 
20 mAg
-1
 in the voltage range between 2.5 and 4.7V are shown in Fig.3.7 (a). As can be 
seen, the discharge capacity of Li1.41Ni0.32Mn0.66O2+δ is higher than the other two 
samples. It is also obvious to find that the discharge capacity of Li1.41Ni0.32Mn0.66O2+δ 
and Li1.25Ni0.33Mn0.67O2+δ degrades mainly at the initial several cycles and keeps stable 
in the following cycles. However, it seems that the discharge capacity of 
Li1.38Ni0.31Mn0.66O2+δ degrades continuously upon cycling. In addition, coulombic 
efficiency of Li1.41Ni0.32Mn0.66O2+δ and Li1.25Ni0.33Mn0.67O2+δ reaches over 99.5% after 
initial 5 cycles while that of Li1.38Ni0.31Mn0.66O2+δ cathode shows lower values. As is 
also shown in Table 3.3, the discharge capacities of Li1.25Ni0.33Mn0.67O2+δ, 







, respectively, which correspond to 95.6 %, 91.8% and 92.7% of their 
initial discharge capacities. The above results indicate that Li1.38Ni0.31Mn0.66O2+δ shows 
relatively poor cycle performance as compared to Li1.25Ni0.33Mn0.67O2+δ and 
Li1.41Ni0.32Mn0.66O2+δ, which would be mainly ascribed to its large surface area as 
mentioned above. It is believed that the large surface area of Li1.38Ni0.31Mn0.66O2+δ 
would stimulate the side reaction between the electrode and electrolyte, which might 
deteriorate the interface between electrode and electrolyte and thus lead to the formation 
of thicker SEI layer. Consequently, the formation of thicker SEI layer would cause the 
increasing of cell resistance and leads to relatively poor cycle performance. 
Fig.3.7 (b) displays the rate capability of various reduction-ion exchanged samples. 




All the cathodes were cycled in the voltage range of 2.5-4.7 V with various current 
density. One can see that Li1.38Ni0.31Mn0.66O2+δ and Li1.41Ni0.32Mn0.66O2+δ displays higher 
capacity than that of Li1.25Ni0.33Mn0.67O2+δ cathode. This could be contributed to the 
smaller particle size and larger surface area of Li1.38Ni0.31Mn0.66O2+δ and 
Li1.41Ni0.32Mn0.66O2+δ samples. At a current density of 500 mAg
-1
 (~2C rate), 
Li1.41Ni0.32Mn0.66O2+δ cathode can deliver roughly 210 mAhg
-1
. The normalized capacity 
retention at 2C rate is around 78%. When the current density decreases to 40 mAg
-1
 
again, Li1.41Ni0.32Mn0.66O2+δ cathode can still supply roughly 250 mAhg
-1
. The reason 
that Li1.41Ni0.32Mn0.66O2+δ cathode shows improved rate performance might be due to its 
relatively large surface area and small particle size with uniform particle size 
dsitribution. The above results demosrtate that the rate capablity of LixNi1/3Mn2/3O2 
depends greatly on the presursor synthesis methods. Through the optimization of 
precursor synthesis method, LixNi1/3Mn2/3O2 cathode material with improved cycle 
stability and rate performance can be obtained.  
 
Figure 3.7. (a)Cycle performance and (b) rate capability of LixNi1/3Mn2/3O2 samples. 
 








































































































3.3.3 Investigating the structural and electrochemical properties of 
Li2/3Ni1/3Mn2/3O2 and LixNi1/3Mn2/3O2 prepared from co-precipitation precursor.  
From the above discussion it is clear that samples prepared from co-precipitation 
precursor show improved properties in terms of high first cycle efficiency and high 
reversible capacity. In the following discussion, we will further investigate the 
properties of conventional ion exchanged sample and reduction–ion exchange sample 
using co-precipitation precursor.  
 
Figure 3.8 TEM images of (a) Li2/3Ni1/3Mn2/3O2 and (b) Li1.41Ni0.32Mn0.66O2+δ. 
The structural properties of Li2/3Ni1/3Mn2/3O2 and Li1.41Ni0.32Mn0.66O2+δ samples 
prepared by solid state method have been described previously. It was found that the 
Li2/3Ni1/3Mn2/3O2 prepared by co-precipitation method also shows similar structural 
properties. TEM images of Li2/3Ni1/3Mn2/3O2 and Li1.41Ni0.32Mn0.66O2+δ samples are 
presented in Fig3.8 (a) and Fig.8 (b), respectively. One can observe that faced and 
polygonal-shaped particles with nearly flat surface for the two ion exchanged samples. 
There is apparent difference in the primary particle size between the Li2/3Ni1/3Mn2/3O2 
and Li1.41Ni0.32Mn0.66O2+δ samples. The primary particle size of Li2/3Ni1/3Mn2/3O2 is 
approximately 100-200nm, while that of Li1.41Ni0.32Mn0.66O2+δ is roughly less than 
100nm.The smaller primary particle size of Li1.41Ni0.32Mn0.66O2+δ suggests that the 




reducing of particle size might occur during the reduction process.  
  
Figure 3.9 Galvanostatic charge-discharge profiles of (a) Li2/3Ni1/3Mn2/3O2 and (b) 
Li1.41Ni0.32Mn0.66O2+δ examined at various temperatures. 
 
   To further investigate the influence of test temperature on the electrochemical 
property of Li2/3Ni1/3Mn2/3O2 and Li1.41Ni0.32Mn0.66O2+δ, Fig.3.9 (a) and (b) show the 
galvanostatic charge-discharege curves for the two cathodes performed at various 
temperature. For Li2/3Ni1/3Mn2/3O2 cathode, it is obvious to see that there is no change in 
charge-discharge profiles, reversible capacity and polarization despite the different test 
temperature. This reveals that test temperature barely affect the electrochemical 
property of Li2/3Ni1/3Mn2/3O2. However, as shown in Fig.3.9 (b), the reversible capacity 
and polarization of Li1.41Ni0.32Mn0.66O2+δ is significantly influenced by test temperature. 
When the test temperature is 30
 o
C, the initial discharge capacity is around 150 
mAhg
-1
.One can notice that the reversible capacity of increases with the increasing of 
the temperature. Through careful comparison of the galvanostatic charge-dsicharge 


























































































results one can find that the charge capacity below 4.5V at the first cycle is almost the 








redox couple is not influenced by 
test temperature. On the other hand, it is noticeable that the capacity delivered at the 
irreversible plateau region depends on test temperature. The charge capacity at plateau 









the reversible capacity remains very high level in the following cycles when the cells 




C. The increasing of reversible capacity at elevated 
temperature has been reported for Li[Li1/5Ni1/5Mn3/5]O2 by Ohzuku et al
[3]
. Such 
temperature dependence suggests that the electrochemical reactions determining the 
reversible capacity might be under a kinetic control. This means that comparable 
reversible capacity of Li1.41Ni0.32Mn0.66O2+δ could be observed at 30
 o
C when the cell is 
cycled under small current density.  
 
Figure 3.10 Galvanostatic charge-discharge profiles of Li1.41Ni0.32Mn0.66O2+δ examined 






In order to prove this assumption, the galvanostatic measurement of 







































galvanostatic charge-discharge profile is shown in Fig.3.10. There is no change in the 








redox couple even at small current 
density. As is expected, the first charge and discharge capacity of Li1.41Ni0.32Mn0.66O2+δ 
is 274 mAhg
-1
 and 266 mAhg
-1
, which values are comparable to that of obtained at 50
 
o
C. The above results demonstrate that the electrochemistry of Li1.41Ni0.32Mn0.66O2+δ 
seems to suffer similar kinetic problem as that of Lithium-excess layered cathode 
materials. This means that the electrochemical performance depends greatly on current 
as well as temperature. 
 
Figure 3.11 Rate capability of (a) Li2/3Ni1/3Mn2/3O2, (b) Li1.41Ni0.32Mn0.66O2+δ and (c) 
their cycling performance. 
The rate capability and cycle performance of the two cathodes are presented in 
Fig.3.11 (a), (b) and (c). As shown in Fig.3.11 (a) and (b), it is noticeable that the rate 
capability of Li1.41Ni0.32Mn0.66O2+δ is much better than the Li2/3Ni1/3Mn2/3O2. The 
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capacity at a current density of 160 mAg
-1
 remains around 250 mAhg
-1
. The 










. Fig.3.11 (c) gives the cycle performance of the two cathodes. 
Li2/3Ni1/3Mn2/3O2 delivers an initial discharge capacity of 200 mAhg
-1
 and the discharge 
capacity after 30 cycles is found to be 196 mAhg
-1
. The Li1.41Ni0.32Mn0.66O2+δ cathode 
shows higher initial discharge capacity and delivers a discharge capacity of 250 mAhg
-1
 
at the end of 30
th
 cycle. Therefore, we conclude that the Li1.41Ni0.32Mn0.66O2+δ cathode 
shows enhanced electrochemical performance over the Li2/3Ni1/3Mn2/3O2 cathode with 
respect to the high reversible capacity and improved rate capability. 
 
Figure 3.12. CV profiles of (a) Li2/3Ni1/3Mn2/3O2and (b) Li1.41Ni0.32Mn0.66O2+δ. 
















































Fig.3.12 (a) and (b) show the CV curves of Li2/3Ni1/3Mn2/3O2 and 
Li1.41Ni0.32Mn0.66O2+δ, respectively. The CV profiles of Li2/3Ni1/3Mn2/3O2 shows broad 
oxidation peak around 4.2V during the first anodic scan, which is ascribed to the 
oxidation of Ni
2+
 with around 1/3 mol Li extraction. The prominent oxidation peak 
appears at 4.6V might be attributed to the release of oxygen or structural staking faults 
from Li2/3Ni1/3Mn2/3O2. Two reduction peaks appears in the subsequent cathodic scan 








. The CV profile of 
the Li1.41Ni0.32Mn0.66O2+δ cathode is different from that of Li2/3Ni1/3Mn2/3O2. The 
appearance of the reversible peak at 4.6V at the initial cycle would be due to the 
activation process of the electrode which might be associated with oxygen release from 
the electrode. In the following two cycles, the CV profile of Li1.41Ni0.32Mn0.66O2+δ 
assemble each and the observed area is larger than that of Li2/3Ni1/3Mn2/3O2. The 
difference in CV profiles might be caused by the difference in crystall structure of the 
two cathodes. Since Li1.41Ni0.32Mn0.66O2+δ prepared in this study was confirmed to 
exhibit similar structure and cation local environment as those of Li2MnO3 based 
compounds as described previously. The observation in the CV profile is in agreement 
with the results derived from galvanostaic charge-discharge profiles. 
 
3.4 Conclusions 
  LixNi1/3Mn2/3O2 cathode materials were synthesized through a facile reduction-ion 
exchange of P3-Na2/3Ni1/3Mn2/3O2 precursors prepared by various synthesis methods. It 
was found that precursor synthesis method influence the structure, morphology and 
electrochemical performances of LixNi1/3Mn2/3O2. XRD results of LixNi1/3Mn2/3O2 
suggest that all the samples exhibit similar XRD patterns as those of Lithium-excess 




layered cathode materials. It is suggested from the SEM images and BET results that the 
particle size, particle aggregation and surface area of LixNi1/3Mn2/3O2 depend greatly on 
the precursor synthesis method. Li1.41Ni0.32Mn0.66O2+δ can deliver a high first discharge 
capacity of ca. 270 mAhg
-1
 with an initial cycle efficiency as high as 98%. The 
discharge capacity of Li1.41Ni0.32Mn0.66O2+δ cathode after 30 cycles is over 250 mAhg
-1
 
and it can deliver a discharge capacity roughly 210 mAhg
-1
 at a current density of 500 
mAg
-1
 (2C rate). Also, it was found that Li1.41Ni0.32Mn0.66O2+δ cathode shows enhanced 
electrochemical performance over the Li2/3Ni1/3Mn2/3O2 cathode in terms of reversible 
capacity and rate capability. Our study indicates that LixNi1/3Mn2/3O2 cathode material 
with improved cycle stability and rate performance can be obtained through the 
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Synthesis and characterization of Li2MnO3 based cathode material from 
P2-Na2/3Ni1/3Mn2/3O2 and Na0.44MnO2 compounds 
 
4.1 Introduction 
Layered nickel manganese oxide, Li2/3Ni1/3Mn2/3O2 has been intensively studied as 
the cathode materials for Li-ion batteries (LIBs) by Paulsen and other researchers
 [1-7]
. 
Paulsen et al. have shown that Li2/3Ni1/3Mn2/3O2 can possess O2, O3, or T2 structure 
depending on the Na containing precursors and ion-exchange conditions
[1, 4]
. Normally, 
Na2/3Ni1/3Mn2/3O2 with P2 and P3 structure are used as precursor to synthesize O2 and 
O3 type Li2/3Ni1/3Mn2/3O2 through ion exchange reaction in LiCl-LiNO3 molten salt, 
respectively. Here, the letters P, O and T represent the alkali environmental (prismatic, 
octahedral and tetrahedral) and the numbers show the MO2 sheets in per unit cell. Both 
O2 and O3 type Li2/3Ni1/3Mn2/3O2 have been proved to be electrochemical active. 
However, the small first charge capacity (~100 mAhg
-1
) and low average working 
voltage of O2 and O3 type Li2/3Ni1/3Mn2/3O2 hinder their practical application. 
In previous chapters, LixNi1/3Mn2/3O2 (x>2/3) with Li-excess phase has been 
synthesized via simultaneous reduction-ion exchange of P3-Na2/3Ni1/3Mn2/3O2
[8]
. The 
as-prepared LixNi1/3Mn2/3O2 gives enhanced first cycle efficiency and excellent 
cycleability as cathode material for LIBs. In this study, we report the synthesis of O3 
type LixNi1/3Mn2/3O2 cathode material from P2 type Na2/3Ni1/3Mn2/3O2 precursor by 
employing the reduction-ion exchange method. Besides P2-Na2/3Ni1/3Mn2/3O2 precursor, 
Na0.44MnO2 precursor and its Ti substituted Na0.44Mn1-xTixO2 with tunnel structure were 
also selected as precursor for the preparation of Li2MnO3 related materials under 




LiNO3-LiI molten salt system. The structure and electrochemical properties of the 
ion-exchanged products have been evaluated.  
 
4.2 Experimental 
4.2.1 Preparation of P2-Na2/3Ni1/3Mn2/3O2 and its ion-exchanged samples 
The P2-Na2/3Ni1/3Mn2/3O2 was prepared by a carbonate co-precipitation method. 
Stoichiometric solutions of MnSO4, NiSO4 and mixed with the Na2CO3 solution under 
magnetic stirring at 55
 o
C. The precipitated powders were filtered and washed with 
water and then followed by drying at 80
 o
C for 12h. The obtained powder was sintered 
at 500
 o
C for 6h and was subsequently ground.  The ground power was mixed with 
stoichiometric amount of NaNO3 and calcinated at 900
 o
C in air for 12h. The 
as-prepared P2-Na2/3Ni1/3Mn2/3O2 was used to synthesize O2-Li2/3Ni1/3Mn2/3O2 through 
normal ion exchange method as reported before
[8]
. Reduction-ion exchange was done by 
using the molten salt composed of LiNO3 and LiI at 300
 o
C for 6h.  
4.2.2 Preparation of Na0.44Mn1-xTixO2 and its ion-exchanged samples 
Na0.44Mn1-xTixO2 precursor was prepared by a conventional solid state method. The 
starting materials were Na2CO3, Mn(CH3COO)2·4H2O and titanic citric solution. The 
mixture was fired at around 400
 o
C in air. The decomposed powder was ball-milled for 
1 h and was subsequently calcinated at 950
 o
C for 12h in air to form Na0.44Mn1-xTixO2 
precursor. The obtained precursor was then ion-exchanged in both LiNO3-LiCl and 








The structure of the compounds was characterized by X-ray diffraction (XRD). 
Induced coupled plasma (ICP) was used to determine the chemical composition of the 
obtained compounds. The morphology of the compounds was observed by Scanning 




Electron Microscope (SEM). Fourier transform infrared spectroscopy (FTIR) spectra of 
the samples were performed on a JASCO 400 FTIR spectrometer. Raman 
measurements were made with a homemade spectrometer.  
CR2032 type coin cells were assembled to evaluate the electrochemical properties of 
the obtained compounds. The fabrication of cathode electrode was the same as reported 
previously [8].The assembled cells were cycled at a current density of 20 mAg
-1
 (0.1 C 
rate) between 2.5 V and 4.7 V at 50
 o
C. Cyclic voltammetry (CV) measurement at 50
 o
C 
was performed at a scan rate of 0.1mV s
-1
 between 2.0 V and 4.7 V with Li as counter 
and reference electrode. 
 
4.3 Results and discussion 
4.3.1 Characterization of LixNi1/3Mn2/3O2 prepared from P2-Na2/3Ni1/3Mn2/3O2 
precursor 
XRD patterns and SEM images of P2-Na2/3Ni1/3Mn2/3O2 precursor, normal ion 
exchanged product, Li2/3Ni1/3Mn2/3O2 and reduction-ion exchange sample, 
LixNi1/3Mn2/3O2 are shown in Fig.4.1 (a). All peaks in the XRD patterns of 
Na2/3Ni1/3Mn2/3O2 can be indexed to P2 layer structure with space group of P63/mmc. 
For Li2/3Ni1/3Mn2/3O2, the diffraction peaks were indexed to T2 type structure with space 
group of Cmca, which is consistent with the reported one 
[7]
. It was found that the XRD 
patterns of LixNi1/3Mn2/3O2 can be indexed to O3 structure with low crystallinity. The 
broading of XRD peaks for LixNi1/3Mn2/3O2 suggests that the reduction in crystallite size 
might occur. ICP measurement confirmed that Li to metal ratio (Li/M) for normal ion 
exchanged sample is 0.58 while the value increases to 0.93 for LixNi1/3Mn2/3O2, which 
demonstrates that extra Li was successfully incorporated in Na2/3Ni1/3Mn2/3O2. Our 
results proved that O3 structure can also be obtained from P2-Na2/3Ni1/3Mn2/3O2 through 




reduction-ion exchanged process. The possible reason might be the difference in 
synthesis procedure and relatively high ion exchange temperature. The structural 
transition from P2-Na2/3Ni1/3Mn2/3O2 to O2-Li2/3Ni1/3Mn2/3O2 only evolves the sliding of 
the oxygen layers. However, it is believed that the formation of O3 structure from P2 
structure requires breaking of M-O bonds. In addition, we also found that the O3 phase 
LixMnO2 can also been obtained even with Na0.44MnO2 as precursor. In this case, the 
breaking of Na0.44MnO2 structure requires even higher reaction temperature such as 380
 
o
C. Consequently, the breaking and re-arrangement of M-O bond would occur during 
the reduction-ion exchange process thus to form the O3 structure. Therefore, it is 
suspected that breaking of M-O bonds in P2-Na2/3Ni1/3Mn2/3O2 would be induced at 
high ion exchange temperature especially under the existence of reductive reagent LiI. 
From SEM images of P2-Na2/3Ni1/3Mn2/3O2, Li2/3Ni1/3Mn2/3O2 and LixNi1/3Mn2/3O2, it is 
confirmed that the average particle size of the secondary particles for all three samples 
are around 5-10µm and no obvious morphology change during ion exchange treatment.  





Figure 4.1 (a) XRD patterns of P2 precursor, normal ion exchanged Li2/3Ni1/3Mn2/3O2 
and LixNi1/3Mn2/3O2.; (b) Raman and (c) FTIR spectra of P2 precursor and its ion 
exchanged samples; SEM images of precursor (d), Li2/3Ni1/3Mn2/3O2 (e) and 
LixNi1/3Mn2/3O2 (f). 
 
Fig.4.1 (b) and Fig.1 (c) show the Raman spectra and FTIR spectra of the 
P2-Na2/3Ni1/3Mn2/3O2 precursor and its ion exchanged samples. The Raman spectrum of 
Na2/3Ni1/3Mn2/3O2 contains four sharp peaks, which are located at 353, 390, 480, 590 
cm
-1
. T2-Li2/3Ni1/3Mn2/3O2 shows similar Raman scattering patterns to those of P2 
precursor. The Raman spectrum of LixNi1/3Mn2/3O2 shows two prominent sharp peaks 
located at 608, 490 cm
-1
. The broadening of Raman lines would be attributed to the 
existence of a cationic disorder due to the nature of the stacking faults. FTIR spectra of 
P2 precursor and its ion exchanged samples are presented in Fig.4.1 (c). 




Na2/3Ni1/3Mn2/3O2 and Li2/3Ni1/3Mn2/3O2 give almost same IR spectra. However, only 
one prominent band can be observed for LixNi1/3Mn2/3O2. It is not surprising to observe 
that Li2/3Ni1/3Mn2/3O2 and Na2/3Ni1/3Mn2/3O2 samples show similar Raman and FTIR 
spectra since both of them have similar cationic environment. The FTIR results are in 
broad agreement with that of Raman, which suggests that LixNi1/3Mn2/3O2 might exhibit 
similar cationic environment as that of reduction-ion exchanged product from 
P3-Na2/3Ni1/3Mn2/3O2.  
Galvanostatic charge-discharge profiles of two ion exchanged samples are shown in 
Fig.4.2. Li2/3Ni1/3Mn2/3O2 shows typical charge-discharge profiles as those of reported 
before
 [3, 5]
. In contrast, LixNi1/3Mn2/3O2 cathode exhibits different charge-discharge 









couple. The appearance of voltage plateau above 4.5 V can be observed at the first 
charge cycle. The irreversible plateau was also observed in LixNi1/3Mn2/3O2 prepared 
from P3-Na2/3Ni1/3Mn2/3O2 and might be ascribed to the extraction of Li from Li layer 
together with the oxygen release from the electrode 
[8, 9]
. The capacity in the 4.5V 
plateau region for LixNi1/3Mn2/3O2 prepared from P2 precursor is smaller than that from 
P3 precursor. Further, one can observe that in LixNi1/3Mn2/3O2 the first discharge 
capacity is higher than the first charge capacity, which indicates that there might be Li 
vacant in LixNi1/3Mn2/3O2.  





Figure 4.2 Galvanostatic charge-discharge profiles of two ion exchanged samples 
measured at 50
 o
C. (a),(c) for Li2/3Ni1/3Mn2/3O2 and (b),(d) for LixNi1/3Mn2/3O2. 
 
In order to prove this assumption, the newly assembled cells with these two cathodes 
were started from discharge state. Fig.4.2(c) and (d) display obtained voltage-capacity 
profiles of Li2/3Ni1/3Mn2/3O2 and LixNi1/3Mn2/3O2, respectively. Li2/3Ni1/3Mn2/3O2 
delivers an initial discharge capacity about 90 mAhg
-1
, which contributes to the 





. LixNi1/3Mn2/3O2 cathode exhibits an initial discharge capacity of about 40 
mAhg
-1
, which reveals that there is still about 0.15 mol Li vacant site in LixNi1/3Mn2/3O2. 
The second charge capacity of increases to 275 mAhg
-1
, indicating nearly 1mol Li can 
be extracted from LixNi1/3Mn2/3O2. The above results suggest that it is possible to 
incorporate more Li into Li2/3Ni1/3Mn2/3O2 through the optimization of reduction-ion 
exchange process thus to obtain cathode material with higher capacity. 
  Fig.4.3 (a) and (b) show the CV curves of Li2/3Ni1/3Mn2/3O2 and LixNi1/3Mn2/3O2, 
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respectively. Li2/3Ni1/3Mn2/3O2 shows one single oxidation peak around 4.2V during the 
first anodic scan, which is ascribed to the oxidation of Ni
2+
 with around 1/3 mol Li 
extraction. Two reduction peaks appears in the subsequent cathodic scan is associated 








. The appearance of the reversible 
peak at 4.6V at the initial cycle would be due to the activation process of the electrode 
which might be associated with oxygen release from the electrode. In the following two 
cycles, the CV profile of LixNi1/3Mn2/3O2 assemble each and the observed area is larger 
than that of Li2/3Ni1/3Mn2/3O2. Also, the observed CV profile of LixNi1/3Mn2/3O2 in this 
study is different compared to O2-Li2/3Ni1/3Mn2/3O2 by Shaju et al
[6]
. Since 
LixNi1/3Mn2/3O2 prepared in this study was confirmed to exhibit similar structure and 
cation environment as those of O3 type compounds as described above.  
The cycle performance and rate capability of the two cathodes are presented in 
Fig.4.3 (c) and (d). Li2/3Ni1/3Mn2/3O2 delivers an initial discharge capacity of 202 
mAhg
-1
 and the discharge capacity after 30cycles is found to be 192 mAhg
-1
. The 
LixNi1/3Mn2/3O2 cathode shows higher initial discharge capacity and delivers a discharge 
capacity of 230 mAhg
-1
 at the end of 30
th
 cycle. Further, improved coulombic efficiency 
can be observed for LixNi1/3Mn2/3O2 cathode. As shown in Fig.4.3 (d), it is noticeable 
that the rate capability of LixNi1/3Mn2/3O2 is much better than Li2/3Ni1/3Mn2/3O2. The 
capacity at current density of 160 mAg
-1
 remains around 220 mAhg
-1
 and this value is 
nearly 55 mAhg
-1 
higher than that of O2(Li+x)
[5]
. The LixNi1/3Mn2/3O2 cathode delivers 




 (~2.5C rate). It is suspected 
that the improved rate capability of would be due to improved charge transfer kinetics. 
Therefore, we conclude that the LixNi1/3Mn2/3O2 cathode shows enhanced 
electrochemical performance over the T2-Li2/3Ni1/3Mn2/3O2 cathode with respect to the 




high reversible capacity and improved rate capability. 
 
 
Figure 4.3 CV profiles of Li2/3Ni1/3Mn2/3O2 (a), LixNi1/3Mn2/3O2 (b), cycling 















Figure.4.4 XRD patterns of Na0.44Mn1-xTixO2 precursors. 
 
Fig.4.4 shows the XRD patterns of Na0.44Mn1-xTixO2 precursors. For comparison, the 
XRD patterns of slightly Na excess pahse was also presented. Even with Ti substitution, 
all the precursors show aimilar XRD patterns. It was found that there are no impurities 
these diffraction patterns can be identified to be single phase of the Na0.44MnO2 with 
tunnel type structure. All of them were found to be with orthorhombic crystal system 
that showing the space group of Pbam. The results indicate that tunnel structure can be 
maintained even with Ti substitution for Mn. 
















Figure.4.5 XRD patterns of ion-exchanged samples from Na0.44Mn1-xTixO2 at 280
 o
C. 
   
  
Figure.4.6 XRD patterns of ion-exchanged samples from Na0.44Mn1-xTixO2. 
 











































To investigate the possible effect of ion-exchange temperature on the structure of 







C.Fig.4.5 shows XRD profiles of ion-exchange product at 280
 o
C. When the 
Na0.44MnO2 precursor was treated in LiNO3-LiCl molten salt, it was found that the 
diffraction peaks of ion-exchanged sample match well with that of Li0.44MnO2
[10]
, 
suggesting that the Na might be easily exchanged at 280
 o
C. However, it is clear that the 
XRD patterns of precursors treated in LiNO3-LiI system is different from that of 
Li0.44MnO2. This fact indicates that the tunnel structure of Na0.44MnO2 might be 
interrupted or partially destroyed when treated in LiNO3-LiI at 280
 o
C. Even though the 
precursors were treated at 330
 o
C, the XRD patterns of the ion-exchanged products are 
similar to those of obtained at 280
 o
C. It is supposed that the reaction temperature is still 
low to form Li2MnO3 based phase since the structure of Na0.44MnO2 is much more 
robost compared to Na containing compounds with P2 and P3 type structure.  
Consequently, the ion-exchange reaction temperature was further elevated to 380
 o
C and 
the XRD patterns of the products are shown in Fig.4.6. For Na0.44MnO2 precursor 
treated in LiNO3-LiCl, it is noticeable that the tunnel framework of Li0.44MnO2 can still 
be kept. This reveals that only ion exchange reaction occurred under LiNO3-LiCl 
molten salt even at elevated temperature. However, in the case of precursors treated in 
LiNO3-LiI at 380
 o
C, the XRD patterns of the ion-exchanged samples are quite different 
form that of Li0.44MnO2. Especially for samples obtained from Na0.44MnO2 and 
Na0.44Mn0.90Ti0.10O2 precursors, almost all the peaks can be assigned to pure O3 phase. 
This means that the structure of Na0.44MnO2 was completely destroyed when treated in 
LiNO3-LiI at 380
 o
C. Furthermore, the appearance of super lattice peaks at around 20
o
 
suggests the formation Li2MnO3 phase in the as-prepared samples. The above results 




suggest that Na0.44MnO2 with tunnel framework can also be used as precursor for the 
synthesis of Li2MnO3 related material through the reduction-ion exchange reaction in 
LiNO3-LiI at elevated temperature. 
 
Figure.4.7 XRD patterns of reduction ion-exchanged samples from Na0.44Mn1-xTixO2. 
 
Based on the above discussion, it is clear that the formation temperature of Li2MnO3 
related phase from Na0.44Mn1-xTixO2 precursors should be around 380
 o
C. In the 
following section, we will focus on the structure and electrochemical properties of 
Li2MnO3 based cathode from Na0.44Mn1-xTixO2 precursors prepared by spray-dry (SD) 
method. Fig.4.7 gives the XRD patterns of reduction ion-exchanged samples of 
Na0.44Mn1-xTixO2 in LiNO3-LiI molten salt system. For precursor without Ti substitution, 
XRD patterns of reduction-ion exchanged sample are similar to that of Li2MnO3. For 
Ti=0.10 and Ti=0.20 samples, it is noticeable that formation of Li2MnO3based cathode 
can be confirmed. However, the decreasing in the intensity of (003) peak as well as 
overlapping of (108) and (110) peaks might reveal that the layered structure is poor for 















Ti substituted samples. Also, it is supposed that the generation of spinel phase would 
cause the decreasing of the layered structure.   
 
 
Figure.4.8 Raman spectra of reduction ion-exchanged samples from Na0.44Mn1-xTixO2 
  
To examine the short range structure of Na0.44Mn1-xTixO2 and their reduction 
ion-exchanged products, Raman scattering measurement was performed. Fig.4.8 
displays the Raman spectra of ion-exchanged samples from Na0.44Mn1-xTixO2. It is clear 
that LixMnO2 prepared from Na0.44MnO2 shows four characteristic peaks. The peak 
pattern is similar to that of Li2MnO3 sample, suggesting that LixMnO2 shows nearly the 
same short range structure as that Li2MnO3. For Ti substituted samples, one can find that 
the shape of the spectra varies with Ti content. For LixMnO2 sample with low Ti content, 
nearly same Raman spectra was observed. With increasing the Ti content in, the 
intensity two prominent Raman peaks become lower and peak width become larger. 
This change in the Raman of LixMnO2 samples with high Ti content would due to the 
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disruption of layered structure.  
 
Figure.4.9 Charge-Discharge profiles of reduction ion-exchanged samples from 
Na0.44Mn1-xTixO2 
 
Charge-Discharge profiles of LixMnO2 and its Ti substituted samples examined at a 
current density of 20 mAg
-1 
are shown in Fig.4.9. Although the charge capacity of 
LixMnO2 is only around 150 mAhg
-1
, it delivered typical voltage-capacity profile as that 
of Li2MnO3 cathode material. The reason for the low reversible capacity of LixMnO2 is 
unclear. For Ti substituted LixMnO2 cathodes, they show similar voltage-capacity profile 
as that of LixMnO2.However, one can notice that the reversible capacity increased 
greatly with Ti substitution. The voltage plateau at 4.5V for Ti substituted LixMnO2 
cathodes increased compared with LixMnO2. Even though increased capacity was 
observed for Ti substituted LixMnO2, the cycleability of these cathodes still need to be 
improved compared with related cathode materials prepared from P3 and P2 Type 
Na2/3Ni1/3Mn2/3O2 precursors.  
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4. 4 Conclusions 
 O3-LixNi1/3Mn2/3O2 (x>2/3) was synthesized from P2 type Na2/3Ni1/3Mn2/3O2 
precursor via reduction-ion exchange method. Raman scattering and FTIR results 
suggest that LixNi1/3Mn2/3O2  shows similar cationic environment as that of 
O3-LixNi1/3Mn2/3O2 prepared from P3-Na2/3Ni1/3Mn2/3O2 precursor. The LixNi1/3Mn2/3O2 
cathode shows stable cycling performance and delivers a discharge capacity of 230 
mAhg
-1





 (~2.5C rate). It is suggested that LixNi1/3Mn2/3O2 cathode 
exhibits enhanced electrochemical performance over Li2/3Ni1/3Mn2/3O2 cathode in terms 
of reversible capacity and rate capability. The improved electrochemical performance of 
LixNi1/3Mn2/3O2 prepared through reduction-ion exchange method demonstrates that it 
has great potential as a promising cathode material for lithium ion batteries. Through the 
investigation of the reduction-ion exchanged products of Na0.44MnO2 and its Ti 
substituted samples, it was found that Li2MnO3 related cathode can also been 
synthesized. In this case, it is necessary to optimize the reduction-ion exchange 
condition, such as reaction temperature and LiI to precursor ratios, so as to improve the 
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Understanding the reaction mechanism of P3-Na2/3Ni1/3Mn2/3O2 in 
LiNO3-LiI molten salt system 
 
5.1 Introduction 
In the above chapters, it was demonstrated that Li-excess layered cathodes with 
enhanced electrochemical performance can be prepared via the reduction-ion exchange 
reaction of sodium containing layered metal oxides in LiNO3-LiI molten salt system. It 
has also been confirmed by XRD and ICP measurement that the structure and chemical 
compositions of the samples prepared by the reduction-ion exchange method are 
different from those prepared by the conventional ion exchange method. The above 
differences result in different electrochemical performances of the as-prepared samples. 
The remaining question is that how Li-excess layered cathodes can be prepared by the 
reduction-ion exchange method. For normal ion-exchange method, it can be expected 
that Na ions were only exchanged by Li ions in the LiNO3 and LiCl molten salt system. 





































2/3O2+δ .        (3) 
Reaction (1) might mainly occur below the melting point of LiNO3. Release of purple 




gas was observed immediately even after mixing the reagents together. It is expected 
that most Mn
4+
 was reduced to Mn
3+
 and thus extra Li ion can be simultaneously 
incorporated in the matrix during this process.When the temperature increased to 280
 o
C, 
Na ions began to be exchanged by Li ions in the LiNO3 molten salt. During this process, 





As shown in reaction (3), Mn
3+
 might be further oxidized to Mn
4+
 under the existence of 
LiNO3 and O2. This can be proved that the average oxidation state of Mn is higher than 
+3 with the assumption that the oxidation sate of Ni is +2 during the whole reaction. 
However, the reaction mechanism of reduction-ion exchange method might be much 
more complex since the some reactions might take place simultaneously. Consequently, 
it is of great importance to elucidate the reaction mechanism. It is definite that the 
elucidation of the reaction mechanism would provide useful information in designing 
cathode materials with enhanced performance for lithium ion batteries. In this chapter, 
the examination of the reaction mechanism of P3-Na2/3Ni1/3Mn2/3O2 in LiNO3-LiI 
molten salt system will be introduced. 
 
5.2 Experimental  
The precursor P3-Na2/3Ni1/3Mn2/3O2 was prepared through a simple combustion 
method reported previously. The as prepared P3 Na2/3Ni1/3Mn2/3O2 was used to 
synthesize Li2/3Ni1/3Mn2/3O2 through normal ion exchange method [22]. Typically, 
Na2/3Ni1/3Mn2/3O2 was mixed with LiNO3 and LiCl and ground for ion exchange. The 
molar ratio of Li ion to Na ion was approximately 5:1. After the product was washed 
with hot water, filtered and dried, black power was obtained. 
Reduction-Ion exchange was done by using the molten salt composed of LiNO3 and 






C in air or N2 or O2 for 6h. After the melt was allowed to cool to room 
temperature, the mixture was washed with hot water to remove the residual lithium salt. 
Then, it was filtered and the recovered powder was dried at 80
 o
C for 12h. The desired 
compounds turned to be in reddish powder.  
The structure of the compounds was characterized by powder X-ray diffraction 




 (CuKα radiation, XRD-7000, 
SHIMADZU). The morphology of the compounds was observed by Scanning Electron 
Microscope (SEM, JEOL, JSM-5200).  
CR2032 type coin cells were assembled to evaluate the electrochemical properties of 
the obtained compounds. Lithium foil was used as the anode and glass fiber filter with a 
thickness of 100 μm was used as the separator. For the fabrication of working electrodes, 
20 mg active material together with 10 mg conducting binder (Teflon:Acetylene 
black=1:2) was mixed and pressed on the stainless steel mesh. Then, the electrodes were 
dehydrated by a vacuum dry at 180
 o
C for 6 h. The electrolyte used was 1 M lithium 
phosphorus hexafluoride (LiPF6) in a mixture of ethylene carbonate (EC) and dimethyl 
carbonate with (DMC) volume ratio of 1:2. The assembled cells were cycled at a current 
density of 20 mA/g (0.1 C rate) between 2.0- 4.7 V at 50
 o
C.  




5.3 Results and discussion 
 
Figure 5.1 XRD patterns of P3 precursor and its ion exchanged samples obtained at 
different conditions. 
 
  The reaction mechanism of reduction-ion exchange method might be much more 
complex since the normal ion exchange reaction and reduction reaction might take place 
simultaneously. To understand the reaction mechanism of P3-Na2/3Ni1/3Mn2/3O2 
precursor in molten salt system, it is necessary to examine the normal ion exchange 
reaction and reduction reaction separately. In addition, reaction atmosphere should be 




can be occurred in air or under the 
existence of LiNO3 molten salt. Therefore, P3-Na2/3Ni1/3Mn2/3O2 was first mixed only 
with excess LiI and heated at 280
 o
C under N2 flowing for 6h. The obtained sample was 
washed with hot water to remove the residual lithium salt. From the XRD pattern of the 




















































as-prepared sample in N2, it is clear that the existence of P3 precursor can be obviously 
observed. Also, the appearance of O3 phase was confirmed. However, even when 
P3-Na2/3Ni1/3Mn2/3O2 was first mixed with LiI and heated at 280
 o
C in air, it can be 
confirmed that the formation of O3 phase proceed significantly and only a slight 
appearance of P3-Na2/3Ni1/3Mn2/3O2 phase was observed. This result suggests that 
oxidation condition is necessary for the formation of O3 phase. The possible effect of 
reaction atmosphere on will be discussed later in this chapter. Furthermore, when this 
sample was once again treated in LiNO3-LiCl system, once can see that the XRD 
pattern of the treated sample turns to pure Li-excess phase. This XRD pattern is almost 
the same as that of the sample directly prepared under LiNO3-LiI system. The above 
result revels that the formation of Li-excess phase from P3-Na2/3Ni1/3Mn2/3O2 precursor 
might not be affected by the sequence of ion exchange and reduction reaction. 
  To further bypass the possible consumption and air oxidation of LiI, P3- 
Na2/3Ni1/3Mn2/3O2 precursor was first ion exchanged in LiNO3-LiCl to form 
Li2/3Ni1/3Mn2/3O2. Then the Li2/3Ni1/3Mn2/3O2 was used as starting material to investigate 
the reaction of with LiI under various conditions. Similarly, Li2/3Ni1/3Mn2/3O2 was 
reacted with LiI at 280
 o
C in air and N2. 





Figure 5.2 XRD patterns of Li2/3Ni1/3Mn2/3O2 and its LiI treated samples obtained at 
different conditions. 
 
Table 5.1 Lattice parameters and Mn oxidation of Li2/3Ni1/3Mn2/3O2 and its LiI treated 
samples obtained at different conditions. 
Sample 






Li2/3Ni1/3Mn2/3O2 2.8654 14.162 100.70 1.808 3.99 
Li2/3Ni1/3Mn2/3O2-LiI-Air 2.8772 14.169 101.58 1.896 -- 
Li2/3Ni1/3Mn2/3O2-LiI-N2 2.8909 14.214 102.88 1.648 3.75 
Li2/3Ni1/3Mn2/3O2-LiI-N2-O2 2.8753 14.185 101.56 1.713 4.01 
 
Fig.5.2 presents the XRD patterns of Li2/3Ni1/3Mn2/3O2 and its LiI treated samples 
obtained at different conditions. Li2/3Ni1/3Mn2/3O2 shows typical diffraction patterns of 
O3 phase. When Li2/3Ni1/3Mn2/3O2 reacts with Li at different conditions, there is no 




obvious change in the diffraction patterns except for the appearance of the super lattice 
like peak at 20
o
. Table 5.1 shows the Lattice parameters and Mn oxidation of 
Li2/3Ni1/3Mn2/3O2 and its LiI treated samples obtained at different conditions. One can 
notice that both a axis and c axis of Li2/3Ni1/3Mn2/3O2 expanded when it was treated with 
LiI in N2.The average oxidation state of Mn decrease to +3.75 after Li treatment in N2. 
The increasing in the lattice parameter of Li treated Li2/3Ni1/3Mn2/3O2 in N2 can be 
attributed to the existence of Mn
3+
. This result proves that reduction of Mn occurred at 
this condition. However, when the LiI treated sample was heated again in O2, the 






Figure 5.3 Charge-discharge profiles of Li2/3Ni1/3Mn2/3O2 and its LiI treated samples 
obtained at different conditions. Battery test was started from discharge process. 
 
 




Fig.5.3 shows charge-discharge profiles of Li2/3Ni1/3Mn2/3O2 and its LiI treated 
samples obtained at different conditions. In order to examine the degree of lithiation at 
different conditions, the samples were first started form discharge process. It can be 
noticed that the Li2/3Ni1/3Mn2/3O2 shows typical charge-discharge profiles as those of 
reported before 
[33]
. During the first discharge process, voltage plateau at around 3.0 V 




redox reaction. The discharge capacity is around 100 





couple. In the following cycles, it can be noticed that the Li2/3Ni1/3Mn2/3O2 shows 
typical charge-discharge profiles as those of reported before 
[33]
. When Li2/3Ni1/3Mn2/3O2 
was treated with LiI under N2, the discharge capacity decreased to ~60 mAh/g, 
suggesting that further treating of Li2/3Ni1/3Mn2/3O2 with LiI results in the insertion of Li 
into O3 matrix. Another interesting observation for after LiI treatment is that small 
voltage plateau appeared at 4.3V in the 2
nd
 charge process. This small plateau might be 
due to the generation of Mn
3+
 ion after reacting with LiI under N2.This assumption can 
be further proved by treating this sample at 280
 o
C in O2. As expected, the plateau 
disappeared after treating in O2.This result further proves that the reduction of Mn
4+
 did 
occur when it react with LiI. On the other hand, the 1
st
 cycle discharge capacity of 
samples obtained under air drastically decreased to ~20 mAh/g, implying that more Li 
ions were inserted into Li2/3Ni1/3Mn2/3O2. It is suggested that Li2/3Ni1/3Mn2/3O2 reacts 












Figure 5.4 Charge-discharge profiles of Li2/3Ni1/3Mn2/3O2 and its LiI treated samples 
obtained at different conditions. Battery test was started from charge process. 





Figure 5.5 XRD patterns of Li2/3Ni1/3Mn2/3O2 and its LiI treated samples treated in O2 
and N2 at different temperatures. 
Fig.5.4 shows charge-discharge profiles of Li2/3Ni1/3Mn2/3O2 and its LiI treated 
samples started from charge process. Since only 1/3 mol Li can be extracted from 
Li2/3Ni1/3Mn2/3O2, the first discharge capacity of Li2/3Ni1/3Mn2/3O2 is larger than the 





 redox couple. Another feature of cathode is that it owns low average voltage. 
The first charge capacity of sample treated with LiI in N2 increased around 220 mAh/g, 
reveling that LiI treatment causing more insertion of Li into Li2/3Ni1/3Mn2/3O2. However, 
the discharge capacity is still larger than that of first charge, which suggests that there is 
still some empty site for lithium ion. Further oxidation of this sample in O2 hardly 
affects the reversible capacity due to there is no change in the amount of Li ion in the 
















treated sample. Sample obtained from air gives almost the same charge-discharge 
profiles as those of Li-excess layered cathode. In addition, this sample shows the largest 
reversible capacity and highest average potential. 
Based on the above results it is supposed that reduction and further oxidation of Mn 
might be necessary for the formation of Li-excess phase from Na2/3Ni1/3Mn2/3O2 in 
LiNO3–LiI system. To prove this assumption, Li2/3Ni1/3Mn2/3O2 was treated with LiI in 
and O2 and N2 at different temperatures. For the samples reacted with LiI in N2, the 
increasing of the reaction temperature of does not result in obvious change of the 
diffraction patterns. However, when reacted with Li in O2, obvious change in the 
diffraction patterns can be observed. Firstly, the super lattice like peak at 20
 o
 becomes 
prominent. Secondly, appearance of spinel-like phase is also confirmed. The 
co-existence of Li-excess phase and spinel-like phase might suggest that 
Li2/3Ni1/3Mn2/3O2 reacted does not react uniformly with LiI in O2. The reason might be 
oxidation of LiI easily occurs in O2. Consequently, reaction under O2 should be avoided 
for obtaining pure layered phase. 
Charge-discharge profiles of Li2/3Ni1/3Mn2/3O2 and its LiI treated samples treated in 
N2 at different temperatures are shown in Fig.5.6. Even with increasing the reaction 
temperature, one can see that there is no significant change in the voltage profiles and 
reversible capacity, revealing that further increasing of the reaction temperature does not 
result in the insertion of extra Lithium ion in Li2/3Ni1/3Mn2/3O2. It is suggested that the 
oxidation environment is necessary for the incorporation of more Li ions in 
Li2/3Ni1/3Mn2/3O2. 
 





Figure 5.6 Charge-discharge profiles of LiI treated Li2/3Ni1/3Mn2/3O2 samples in N2 at 
different temperatures. 
 
Figure 5.7 Charge-discharge profiles of LiI treated Li2/3Ni1/3Mn2/3O2 samples with or 
without LiNO3 in N2. 








































The above study of the reaction condition provides some useful information for the 
generation of pure Li-excess phase from Na2/3Ni1/3Mn2/3O2 in LiNO3–LiI system. It can 
be concluded that the generation of pure Li-excess phase from Na2/3Ni1/3Mn2/3O2 should 
be carried out with strong oxidation environment. Meanwhile, it is also important to 
control the reaction atmosphere since the oxidation of LiI with O2 should be avoided. 
Therefore, it would be suitable to obtain Li-excess phase by carrying out the reaction in 
LiNO3–LiI under N2. In this condition, the over oxidation of LiI with O2 can be 
perfectly avoided. Moreover, the LiNO3–LiI molten salt is favorable for the diffusion of 
Li ions. Most importantly, the existence of LiNO3 can meet the requirement of strong 
oxidation environment which is necessary for the formation of Li-excess phase. Fig. 5.7 
shows the charge-discharge profiles of LiI treated Li2/3Ni1/3Mn2/3O2 samples with or 
without LiNO3 in N2. For samples treated only with LiI, the first discharge capacity is 
around 60. On the other hand, the sample treated in LiNO3-LiI delivers an extremely 
small discharge capacity. This small discharge capacity of sample treated in LiNO3-LiI 
implies that more Li ions was incorporated into Li2/3Ni1/3Mn2/3O2 even under N2. 
Moreover, sample treated in LiNO3-LiI shows typical voltage profiles as those of 
Li-excess based cathodes. As demonstrated above, the existence of LiNO3 can provide 
strong oxidation environment for the oxidation of Mn
3+
 generated by the reduction of 
Mn
4+
 with LiI. This procedure can facilitate the incorporation of Li ions into 










In this chapter, the reaction mechanism of Na2/3Ni1/3Mn2/3O2 in LiNO3–LiI system 
was investigated. It was proved that the reduction-ion exchange process introduced in 




, ion-exchange of Na ions with Li and 




. It was suggested that the generation of pure 
Li-excess phase from Na2/3Ni1/3Mn2/3O2 should be carried out with strong oxidation 
environment. Meanwhile, it is also important to control the reaction atmosphere since 
the oxidation of LiI with O2 should be avoided. Therefore, it would be suitable to obtain 
Li-excess phase by carrying out the reaction in LiNO3–LiI under N2.More advanced 
structural analysis techniques are necessary to further clarify the reasons for the 
improved electrochemical performance of LixNi1/3Mn2/3O2 electrode material. The study 
of the reaction mechanism for the formation of Li-excess phase from Na2/3Ni1/3Mn2/3O2 
in LiNO3–LiI system will definitely prove some useful information for designing 
Li-excess based cathode materials with promising performance. 
  





Improving the electrochemical performance of P2-Na2/3NixMn1-xO2 cathode 
material for sodium ion batteries through metal ion substitution 
 
6.1 Introduction 
During the past two decades, the success of lithium ion batteries (LIBs) has been 
proved by the dominate share in portable devices. LIBs have been considered to the 
most suitable candidate for large scale energy storage devices and electric vehicles 
[1-4]
. 
Even though LIBs offers excellent performances, more and more concerns regarding the 
possible increasing cost of LIBs would become the bottle-neck for the further 
application of LIBs in electric vehicles. Therefore, there are also increasing concerns for 
developing new energy storage devices with low cost and high energy density. Due to 
the abundance and low cost of sodium resources, many researchers have given their 
interest to the field of the sodium ion batteries (SIBs)
 [5-8]
.  
Among various Na containing compounds, layered sodium transition metal oxides 
NaxMO2 (M= Mn, Fe, Co, Cr, V) with P2 and O3 structure have been intensively 
studied as cathode materials for SIBs 
[9-13]





 and Na0.45Ni0.22Co0.11Mn0.66O2 
[18] 
have been investigated and are proved to show good electrochemical performance. 
Recently, a newly layered compound Na2/3Co2/3Mn2/9Ni1/9O2 with P2 structure was also 
found to show excellent capacity retention 
[19]
. Furthermore, it has been reported that 
mobility of Na ions in P2 structure is faster than that of Li compounds with O3 structure 
[20]
. P2-Na2/3Ni1/3Mn2/3O2 cathode materials are of particular interest because of their 
large discharge capacity (~160 mAhg
-1
) and high discharge potential (over 3.5V), which 




means that high energy density can be obtained for this cathode. It has also been 
demonstrated that Na can be reversibly extracted and inserted into P2-Na2/3Ni1/3Mn2/3O2 
[14]
. However, the reversible capacity of P2-Na2/3Ni1/3Mn2/3O2 decayed significantly with 
cycling when the electrode was charged at high cut-off voltage. Although the cycling 
performance of P2-Na2/3Ni1/3Mn2/3O2 cathode can be improved by limiting the upper 





In this study, synthesis and electrochemical properties of metal ion substituted P2 
type Na2/3Ni1/3Mn2/3O2 as cathode material for SIBs was reported. I have investigated 
the influence of metal ion substitution on the structural and electrochemical 
performance of P2-Na2/3Ni1/3Mn2/3O2 
[22]
.It has been shown that partial substitution of Ni 
with other metal ions (Mg, Al, Fe, Co) in P2 type Na2/3Ni1/3Mn2/3O2 exhibit different 
voltage-capacity profiles and enhanced cycling performance.  
Also, I reported the synthesis and electrochemical properties of Ti substituted 
P2-Na2/3Ni1/4Mn3/4O2 as cathode material for sodium ion battery. Furthermore, the 
influence of cut-off voltage on the electrochemical performance of the as-prepared 
samples was also examined. We show substitution of Mn with Ti in Na2/3Ni1/4Mn3/4O2 
results in different voltage-capacity profiles and improved electrochemical performance.  
 
6.2 Experimental 
6.2.1 Synthesis of metal ion substituted Na2/3Ni1/3Mn2/3O2 
Na2/3Ni1/3Mn2/3O2 and its metal ion substituted sample were prepared through a 
combustion method as reported in our previous work 
[15]
. P2-type compounds can be 
obtained after annealed at 900
 o
C in air. 
6.2.2 Synthesis of Na2/3Ni1/4TixMn3/4-xO2 
P2- Na2/3Ni1/4TixMn3/4-xO2 was prepared through a simple solid state method. The 




precursor solution was prepared by mixing desirable amount of Ni(CH3COO)2•4H2O, 
Mn(CH3COO)2•4H2O and CH3COONa and titanium citrate solution. The obtained 
mixture was heated at 400
 o
C for 12h. The ground powder was ball-milled for 1h and 
was subsequently calcinated at 900
o
C in air for 12h to synthesize Na2/3Ni1/4TixMn3/4-xO2 
(x=0, 0.05, 0.10, 0.15, 0.20, 0.30 ). All the samples were cooled to room temperature in 
air. Due to the obtained P2 samples are easy to absorb moisture, the as-synthesized 
samples were kept in Ar filled grove box to avoid possible degradation. 
6.2.3 Instrumentation 
The structure of the compounds was characterized by powder X-ray diffraction 




 (CuKα radiation, XRD-7000, 
SHIMADZU). The morphology of the compounds was observed by Scanning Electron 
Microscope (SEM, HITACHI, S-3000N). Raman measurements were performed at 
room temperature by using HORIBA micro-Raman system HR-800 with He- 
Cd laser operating at a wavelength of 325 nm. All the spectra were taken at room 
temperature, and homemade software eliminated the noise spikes in the spectra caused 
by cosmic rays. Fourier transform infrared spectroscopy (FTIR) spectra of the samples 
were performed on a JASCO 400 FTIR spectrometer. Samples were mixed with KBr 
and pressed to form pellets for measurement. 
6.2.4 Electrochemical characterization 
CR2032 type coin cells were assembled to evaluate the electrochemical properties of 
the obtained compounds. For the fabrication of working electrodes, 20 mg active 
material together with 10 mg conducting binder (Teflon:Acetylene black=1:2) was 
mixed and pressed on the stainless steel mesh. Na metal was used as the anode and glass 
fiber filter with a thickness of 100 μm was used as the separator (GA-100, made by 
ADVANTEC). The electrolyte was 1 M sodium phosphorus hexafluoride (NaPF6) in a 




mixture of ethylene carbonate (EC) and diethyl carbonate with (DEC) volume ration of 
3:7. Cycle performance of the cells were measured at a current density of 20 mA/g 




6.3 Results and discussion 
6.3.1 Characterization of metal ion substituted P2- Na2/3Ni1/3Mn2/3O2 
 
 
Figure 6.1 XRD P2 precursor and its metal ion substituted samples. 
 









a=2.880 Å, c=11.129 Å, V=79.748 Å
a=2.882 Å, c=11.130 Å, V=80.047Å
a=2.868 Å, c=11.148 Å, V=79.421Å




a=2.858 Å, c=11.169 Å, V=79.013Å




Fig.6.1 shows the XRD profiles of P2 precursor and its metal ion substituted samples. 
All peaks in the XRD patterns of Na2/3Ni1/3Mn2/3O2 can be indexed to P2 layer structure 
with space group P63/mm. The XRD patterns of metal substituted samples show nearly 
same pattern as that of Na2/3Ni1/3Mn2/3O2, suggesting that partial substitution of Ni by 
the other metal ions does not affect the long-range structure of Na2/3Ni1/3Mn2/3O2. This 
observation is consistent with the metal doped P2-Na2/3Ni1/3Mn2/3O2 reported by 
Komaba et al 
[16]
. The lattice parameters of Na2/3Ni1/3Mn2/3O2 and metal substituted 
samples were inserted in Fig.6.1 (a). Both a and c axis of Na2/3Ni1/3Mn2/3O2 is 2.878 Å 
and 11.129 Å, respectively. The a and c axis of Na2/3Ni2/9Mg1/9Mn2/3O2 increases. This 
can be explained by the difference in ionic radii since Mg
2+
 (0.72 Å) have larger ionic 
radii than the radii of Ni
2+ (0.690 Å). Similarly, a and c axis of Na2/3Ni2/9Al1/9Mn2/3O2 
and Na2/3Ni2/9Co1/9Mn2/3O2 decrease due to the smaller ionic radii of Al
3+ 
(0.535 Å)  
and Co
3+
 (0.545 Å) compared to Ni
2+ 
(0.690Å). This good agreement between the lattice 
parameter and ionic radii would demonstrate that Ni is successfully substituted. 
Raman and IR spectroscopy have been employed to evaluate the possible effect of 
metal substitution on the short-range structure of P2-Na2/3Ni1/3Mn2/3O2. The obtained 
Raman spectra and IR spectra are shown in Fig.6.2 (a) and Fig.6.2 (b), respectively. For 







observed. These peaks correspond for three active E2g modes may be attributed to Na 
and O vibrations. Even though there is no change in the XRD patterns of metal 
substituted samples, the Raman spectra of metal substituted samples show some 
difference and change of Raman peaks varies with the kind of metal ions. For Mg 
substituted sample, the peak around 580 cm
-1
 becomes prominent thus leads to the 
increasing of intensity ratio of peak located at 470 cm
-1
 peak against that at 580 cm
-1
. 




This change in Raman spectrum can also be observed for other metal ion substituted 
samples. In addition to the change in peak intensity, the appearance of broad shoulder at 
610 cm
-1
 can be confirmed for Al and Fe substituted samples. The reasons for this 
observation might be connected with effects of substitution and disorder. The 
broadening of the Raman spectra, especially for Fe and Co substituted samples, would 
be explained either by lattice disorder in the polycrystalline sample or by strain and 





Figure 6.2 Raman (a) and FTIRspectra (b) results of P2 precursor and its metal ion 
substituted samples. 
 
Fig.6.2 (b) displays the FTIR spectra of P2-Na2/3Ni1/3Mn2/3O2 and metal substituted 
samples. The FTIR spectra of P2-Na2/3Ni1/3Mn2/3O2 is dominated by two intensive 













































adsorption bands at approximately 500 cm
-1
 and 420 cm
-1
 are attributed to the 
asymmetric stretching modes of MO6 groups and bending mode of O-M-O bonds. 
Broad shoulder at approximately 600 cm
-1
 can also be observed. All the samples display 
similar features due to the presence of MO6 octahedral groups. For Mg and Co 
substituted samples, the intensity of band at 420 cm
-1
 decreased as compared to that of 
P2-Na2/3Ni1/3Mn2/3O2. For Al and Fe substituted samples, an increasing in the intensity 
of band at 420 cm
-1 
can be observed. The difference in vibrational band might be result 
from the variation in the edge sharing of the MnO6 octahedral after metal substitution. 
The above FTIR results are consistent with those of Raman results, which indicates that 




Figure 6.3 Voltage-capacity profiles of P2 precursor and metal ion substituted 
P2-Na2/3Ni2/9M1/9Mn2/3O2. 
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Fig.6.3 gives the voltage-capacity profiles of P2-Na2/3Ni1/3Mn2/3O2 and metal ion 
substituted samples. P2-Na2/3Ni1/3Mn2/3O2 shows an initial charge capacity of about 162 
mAh g
-1
, which is very close to that of P2-Na2/3Ni1/3Mn2/3O2 reported by Lu. et al. 
[11]
. 
Also, the multi-step voltage-capacity profiles of P2-Na2/3Ni1/3Mn2/3O2 are similar to that 
of the reported one, indicating that multiple phase transition is involved in 
P2-Na2/3Ni1/3Mn2/3O2 during Na extraction and insertion process. Comparing with 
parent P2-Na2/3Ni1/3Mn2/3O2, the voltage profiles of metal ion substituted samples 
changed greatly. It is noticeable that the voltage profiles changed from multi-step shape 
to sloping type. The sloping voltage profiles indicates a facile intercalation reaction 
might occur for these samples. The first cycle capacity and capacity retention after 30 
cycles are summarized in Table 1. For P2-Na2/3Ni1/3Mn2/3O2, the capacity retention after 
30 cycles decreased to 69.6%. However, substituted samples show improved capacity 
retention after 30 cycles.  
 
Table 6.1  1
st
 charge and discharge capacity, 30
th
 discharge capacity and capacity 

























after 30 cycles 
(%) 
Na2/3Ni1/3Mn2/3O2 162.3 150.1 104.5 69.6 
Na2/3Ni2/9 Mg1/9Mn2/3O2 145.4 117.1 120.9 102.4 
Na2/3Ni2/9 Al1/9Mn2/3O2 148.0 147.2 139.6 94.8 
Na2/3Ni2/9 Fe1/9Mn2/3O2 145.8 155.3 139.9 90.1 
Na2/3Ni2/9 Co1/9Mn2/3O2 144.9 144.1 122.8 85.2 
 




Fig.6.4 (a) displays the cycle performance of P2-Na2/3Ni1/3Mn2/3O2 and metal ion 
substituted samples. The discharge capacity of P2-Na2/3Ni1/3Mn2/3O2 decreased 
drastically with cycling. One can see that metal ion substituted P2-Na2/3Ni1/3Mn2/3O2 
samples deliver improved capacity retention during cycling. Especially for Al and Fe 
substituted samples, only slightly capacity loss were observed and discharge capacity of 
these two samples after 30 cycles are found to be around 140 mAhg
-1
.The above results 
indicate that enhanced cycling performance for P2-Na2/3Ni1/3Mn2/3O2 can be obtained 
after metal substitution.  
 
 
Figure 6.4 Cycle performance and ex-situ XRD results of P2 precursor and its metal ion 
substituted P2-Na2/3Ni2/9M1/9Mn2/3O2. 
 
Ex-situ XRD results of the samples after 30 cycles are shown in Fig. 6.4 (b). It is 
obvious to observe that the main structure of P2-Na2/3Ni1/3Mn2/3O2 electrode almost 
destroyed after 30 cycles. On the other hand, the appearance of the characterization 
peaks in metal ion substituted samples indicates that the P2 structure is kept even after 




long cycling test. It is suspected that small amount of metal ions in the materials might 
stabilize the main structure. Therefore, improved electrochemical performance can be 
observed for metal ion substituted samples. Unfortunately, we were unable to elucidate 
the reasons for the change in the voltage profiles of P2-Na2/3Ni2/9M1/9Mn2/3O2 at this 
juncture in the study. Therefore, it remains necessary to understand the origin of the 
voltage profile change and further study is in progress in determining the possible 
reasons. 
 




Figure6.5 XRD patterns of P2-Na2/3Ni1/4TixMn3/4-xO2 samples. 
 
























































Fig.6.5 shows the XRD profiles of P2-Na2/3Ni1/4Mn3/4O2 and its Ti substituted 
samples. All peaks in the XRD patterns of Na2/3Ni1/4Mn3/4O2 can be indexed to P2 layer 
structure with space group P63/mmc. All the products were found to be single phase 
with no impurities. The XRD patterns of Ti substituted samples show nearly same 
pattern as that of Na2/3Ni1/4Mn3/4O2, which implies that partial substitution of Mn with Ti 
does not affect the long-range ordering of Na2/3Ni1/4Mn3/4O2. Through further 
observation of the enlarged XRD patterns one can find that (002) peaks position change 
progressively with Ti content. This observation indicates that continuous change in the 
lattice parameter would occur with Ti substitution.  
 






Ti: 0  2.8905 11.257 81.456 
Ti: 0.05 2.8840 11.237 80.947 
Ti: 0.10 2.8851 11.185 80.638 
Ti: 0.20 2.8977 11.183 81.327 
Ti: 0.30 2.9114 11.160 81.929 
 
The lattice parameters of Na2/3Ni1/4Mn3/4O2 and Ti substituted samples were 
summarized in Table 6.2. The a, c axis and cell volume of Na2/3Ni1/4Mn3/4O2 are found 
to 2.8905 Å, 11.2573 Å and 81.456 Å
3
, respectively. For sample with Ti content of 5%, 
the a, c axis and cell volume changes to 2.8840 Å, 11.2373 Å and 80.947 Å
3
, 




respectively. It can be observed that further increasing of Ti content in 
Na2/3Ni1/4Mn3/4O2 results in progressive change in the lattice parameters. One can notice 
that both a axis and cell volume of Ti substituted samples increase progressively with Ti 
content. The increasing of a axis would suggest a expansion of the metal-metal bonding 
distance in Ti substituted samples. Further, the increased cell volume of Ti substituted 
samples attributes to the larger ionic radii of Ti
4+ (0.690 Å) comparing with that of  
Mn
4+
 (0.530 Å). On the other hand, c axis of all the Ti substituted samples decrease with 
the increasing of the Ti content, which could be explained by the decreasing of the 
oxygen repulsion caused by the increased content of Na ions between the oxygen layers. 
This fact might also suggest that the amount of efficient Na ions between the oxygen 
layers would be increased by the substitution of Mn with Ti. The good agreement 
between the lattice parameter and ionic radii would demonstrate that Mn in 
Na2/3Ni1/4Mn3/4O2 is successfully substituted by Ti. 
 
Figure 6.6 SEM images of P2-Na2/3Ni1/4TixMn3/4-xO2 samples. Ti=0, (a) and (e), Ti=0.10, 
(b) and (f), Ti=0.20, (c) and (g), Ti=0.30, (d) and (h). 





SEM images of P2 samples are presented in Fig.6.6. For sample without Ti 
substitution, one can observe aggregated particles with relatively large particle size. 
Through further zoomed image (e) it is clear that secondary particles are consisted of 
flake-type morphology with irregular size. On the other hand, it is noticeable that 
particles are less aggregated with increasing Ti content. Especially for Ti=0.10 and 
Ti=0.20 samples, their average particle size decrease dramatically. Further, it seems that 
there is no obvious change in the morphology of primary particles for Ti substituted 
samples compared to pristine sample.  
 
 
Figure 6.7 Raman spectra (a) and FTIR (b) results of P2-Na2/3Ni1/4TixMn3/4-xO2 samples. 
 
From the XRD results, it was found that Ti substituted samples show nearly same 




pattern as that of Na2/3Ni1/4Mn3/4O2, implying that partial substitution of Ti for Mn does 
not affect the long-range structure of Na2/3Ni1/4Mn3/4O2. To further examine the possible 
effect of Ti substitution on the short range structure of P2-Na2/3Ni1/4Mn3/4O2, Raman and 
IR spectroscopy measurements have been carried out. The obtained Raman spectra and 
IR spectra are shown in Fig.6.7 (a) and Fig.6.7 (b), respectively. Raman spectroscopy of 
NaxCoO2 often serves as basis for the determination of Raman modes observed for 
Na2/3MO2 samples
[23-25]
. According to groups theoretical considerations the hexagonal 
NaxCoO2 with space groups P63/mmc shows five Raman active modes: A1g+E1g+3E2g. 
Both A1g and E1g mode involve motions of only oxygen atoms while three E2g modes 
are due to Na and O vibrations. It is easy to find that four characteristic Raman peaks 
appear for P2-Na2/3Ni1/4Mn3/4O2 as shown in Fig.6.7 (a).The strong peak appears at high 
frequency is due to the A1g (580 cm
-1
) mode. The peak at 492 cm
-1 
corresponds to one of 
the three E2g modes. This observation is in good agreement with that observed for 
Na0.7CoO2 
[23]
. The other observed Raman peaks would correspond to E2g modes. In our 
previous study, we also performed the Raman measurements for P2-Na2/3Ni1/3Mn2/3O2 
and its metal ion substituted samples
 [22]
. It is interesting to find that slightly 
off-stoichiometric P2-Na2/3Ni1/4Mn3/4O2 sample shows slightly different Raman spectra 
compared to stoichiometric P2-Na2/3Ni1/3Mn2/3O2. For stoichiometric 
P2-Na2/3Ni1/3Mn2/3O2, the strongest peak located at around 492 cm
-1 
while the peak 
which is due to the A1g (580 cm
-1
) mode show low intensity. It can be expected that the 
short-range ordering of is disturbed due to the minor presence of Mn
3+
 in 
P2-Na2/3Ni1/4Mn3/4O2. Though there is no obvious change in the XRD patterns of Ti 
substituted samples, their Raman spectra show some difference. For Ti substituted 
samples, the observed Raman peaks become broad. Such observation has also been 




confirmed for Fe and Co substituted P2-Na2/3Ni1/3Mn2/3O2 samples 
[22]
. As described 
previously, the broadening of the Raman spectra, could be explained either by lattice 
disorder in the polycrystalline sample or possible sub-lattice formation in the matrix 
after Ti substitution 
[26]
. 
Fig.6.7 (b) displays the FTIR spectra of P2-Na2/3Ni1/4Mn3/4O2 and Ti substituted 
samples. The FTIR spectra of P2-Na2/3Ni1/4Mn3/4O2 display two intensive adsorption 
bonds at approximately 500 cm
-1
 and 420 cm
-1
, which could be attributed to the 
asymmetric stretching modes of MO6 groups and bending mode of O-M-O bonds. 
Further, weak shoulder at approximately 620 cm
-1
 can also be observed. The presence 
of bond at 1450 cm
-1
 would indicate the existence of sodium carbonate on the surface of 
the compound. One can observe that all the Ti substituted samples give similar features 
due to the presence of MO6 octahedral groups. Through further comparison one can 
notice that the intensity of the observed IR peaks of Ti substituted samples decreased 
slightly. The observed difference in vibrational band might correspond to the variation 
in the edge sharing of the MnO6 octahedral after Ti substitution. The above FTIR results 
seem to correlate with those of Raman scattering results, which probably indicates that 
the short range structure of P2-Na2/3Ni1/4Mn3/4O2 would be influenced by Ti substitution 
for Mn. 




6.3.3 Influence of Ti substitution on the electrochemical performance of 
Na2/3Ni1/4Mn3/4O2. 
 
Figure 6.8 Voltage-capacity profiles of P2-Na2/3Ni1/4TixMn3/4-xO2 electrodes examined 











 cycle in half cell. The cells were galvanostaticlly charged and discharged 
at a current density of 10 mAg
-1
 in order to detect the possible voltage step in details. 
P2-Na2/3Ni1/4Mn3/4O2 shows an initial charge capacity of about 165.3 mAh g
-1
, which is 
very close to that of the value of P2-Na2/3Ni1/3Mn2/3O2 reported by Lu. et al. 
[14]
. Also, 
the multi-step voltage-capacity profiles of P2-Na2/3Ni1/4Mn3/4O2 in this study are similar 
to those of the reported P2-Na2/3Ni1/3Mn2/3O2 
[14,20]
. However, for P2-Na2/3Ni1/3Mn2/3O2, 
there appears to be three obvious voltage plateaus at 3.0V, 3.5V and 4.0V in the charge 
and discharge profiles during the initial several cycles. The observed step voltage 
profiles indicate that multiple phase transitions are involved in P2-Na2/3Ni1/3Mn2/3O2 
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during Na extraction and insertion process. One the other hand, the observed 3.0V 
plateau in P2-Na2/3Ni1/3Mn2/3O2 almost disappears in P2-Na2/3Ni1/4Mn3/4O2 and turns to 
slope type curves. Such change might be due to the presence of Mn
3+
 ions in 
P2-Na2/3Ni1/4Mn3/4O2. It is noticeable that the first charge capacity decrease sharply and 
the voltage profiles changed from multi-step shape to sloping type. Even though the 
lower content of Ni (25%) in P2-Na2/3Ni1/4Mn3/4O2, one can see that there is no obvious 
difference in the reversible capacity of P2-Na2/3Ni1/3Mn2/3O2, indicating that slight 
decreasing the Ni content in P2-Na2/3Ni1/3Mn2/3O2 would be compensated by the 
oxidation of Mn
3+
. Furthermore, we found that the cycling performance of 
P2-Na2/3Ni1/4Mn3/4O2 is superior to that of P2-Na2/3Ni1/3Mn2/3O2 even when cycled at 
high cut-off voltage. The effect of Ni/Mn ratio on the electrochemical performance of 
P2-Na2/3NixMnyO2 is under investigating and will be discussed in another literature. 
Comparing with parent P2-Na2/3Ni1/4Mn3/4O2, one can observe that the voltage profiles 
of Ti substituted samples changed greatly. Similar observation has also been reported 
for Ti substituted Na2/3Ni1/3Mn2/3O2 
[27]
.The sloping voltage profiles of Ti substituted 
samples indicate that a facile intercalation reaction might occur for these samples. In our 
recently work, we have reported that metal ion substituted P2-Na2/3Ni1/3Mn2/3O2 showed 
similar change in the voltage profiles and improved electrochemical performance 
[22]
.  





cycle were listed in Table 6.3. It is noticeable that the discharge capacity of 
P2-Na2/3Ni1/4Mn3/4O2 decreases to 155 mAhg
-1
 after 5 cycles, while those of Ti 
substituted samples still deliver a reversible capacity around 150 mAhg
-1
. This indicates 
that enhanced cycling performance for P2-Na2/3Ni1/4Mn3/4O2 can be obtained by Ti 
substitution. Furthermore, after 5 cycles, the average potential of P2-Na2/3Ni1/4Mn3/4O2 




decreases from 3.40 V to 3.25 V. For Ti substituted samples, despite of the lower 
average potential at the first cycle, they show small voltage fade with cycling. They 
deliver high discharge capacity (~150 mAhg
-1
) with the average potential over 3.2 V, 
suggesting that Ti substituted P2-Na2/3Ni1/4Mn3/4O2 electrode materials with high energy 
density can be achieved.  
 













Average Potential  
 (V vs Na/Na
+
) 
1st 2nd 5th 1st 5th ∆V 
Ti: 0 165.3 163.8 155.6 3.40 3.25 0.15 
Ti: 0.05 150.7 151.0 151.5 3.29 3.25 0.04 
Ti: 0.10 156.5 154.9 156.7 3.32 3.30 0.02 
Ti: 0.20 157.6 156.1 155.7 3.36 3.32 0.04 
Ti: 0.30 152.16 148.3 146.4 3.29 3.22 0.07 
 
To further investigate the influence of Ti substitution on the of voltage-capacity 
profiles of P2-Na2/3Ni1/4Mn3/4O2 samples, the dQ/dV plots of P2-Na2/3Ni1/4TixMn3/4-xO2 
samples obtained from their corresponding voltage-capacity profiles are shown in 
Fig.6.9.For pristine P2-Na2/3Ni1/4Mn3/4O2 sample, it is obvious to notice that there are 
four pairs of cathodic and anodic peaks at the first cycle. The corresponding anodic and 
cathodic peaks are denoted as A1-C1, A2-C2, A3-C3 and A4-C4. The strong anodic 
(A1) and cathodic (C1) peaks at around 4.2 V correspond to the observed long voltage 




plateau at the initial cycle. During the first 5 cycles, there are no significant changes of 
the anodic peaks. However, through further observation, one can find that both the peak 
position and peak intensity of C1 peak change greatly. The C1 peak at the 5
th
 cycle 
shifts to lower voltage side (~3.75 V) and becomes broad, implying voltage fade 
occurred during cycling. The evolution of this C1 peak is reflected by the decreasing of 
average voltage as described above.  
 
 
Figure 6.9 dQ/dV plots of P2-Na2/3Ni1/4TixMn3/4-xO2 electrodes. 
 
However, no significant changes in the dQ/dV plot were confirmed for Ti substituted 
samples. With increase of Ti content in P2-Na2/3Ni1/4Mn3/4O2 sample, the A1 peak shifts 
to high voltage side and the strong C1 peak is replaced by broad one for samples with 
high Ti content. It can be found that the other peaks in P2-Na2/3Ni1/4Mn3/4O2 become 
broad and some peaks even disappear in Ti substituted samples. The above changes in 




dQ/dV curves of Ti substituted samples are correspond to their slope type 
charge-discharge profiles. From dQ/dV analysis it is clear the influence of Ti 
substitution on the voltage-capacity profiles of P2-Na2/3Ni1/4Mn3/4O2 samples. 
Delmas group reported that P2-type Na2/3Co2/3Mn1/3O2 shows only one voltage step. 




 in the slab prevents the Na
+
/VNa+ 
disordering, thus leading to the simple charge/discharge profile in Na2/3Co2/3Mn1/3O2
[28]
. 
Further, it has been reported that Li-substituted P2 compounds with the composition 
NaxLiyNizMn1-y-zO2 displayed smooth voltage profiles and can deliver improved cycling 
and rate performance
[29, 30]
. By applying both neutron diffraction and 
7
Li nuclear 
magnetic resonance spectroscopy, Xu et al. demonstrated that the presence of Li ions in 
the transition metal layers enables more Na ions to reside in the prismatic sites. Due to 
the relatively high content of Na in the P2 structure upon charge, the phase 
transformation can be effectively delayed even at high voltage region
 [30]
. It is probably 
that the substitution of Mn with Ti in P2-Na2/3Ni1/4Mn3/4O2 would have some effect on 
stabilizing the main structure and minimizing the site ordering. Therefore, improved 
electrochemical performance can be observed for Ti substituted P2-Na2/3Ni1/4Mn3/4O2. 
Unfortunately, we were unable to elucidate the reasons for the change in the voltage 
profiles of after metal substitution at this juncture in the study. Therefore, it remains 
necessary to understand the origin of the voltage profile change and further study is in 
progress to determine the possible reasons. 
 










Figure 6.10 Voltage-capacity profiles of P2-Na2/3Ni1/4TixMn3/4-xO2 electrodes examined 




Considering the fact that voltage range would affect the reversible capacity and 
cycling performance of the obtained electrode, the influence of upper cut-off voltage on 
the electrochemical performance of P2-Na2/3Ni1/4TixMn3/4-xO2 cathodes were also 
investigated under relatively high rate of 20 mAg
-1 
(0.125 C ). The upper cut-off 
voltages for the electrodes are 4.3 V and 4.5 V. Fig.6.10 shows the charge-discharge 





 cycle and capacity retention after 25 cycles are shown in Table 6.4. One can 
notice that pristine electrode exhibits multi-step voltage-capacity profiles. The discharge 
capacity at the first cycle was found to be around 154 mAhg
-1
. Relatively large capacity 
fading can be observed at the initial 10 cycles. During discharging, the large voltage 
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plateau located at 4.2 V at the first cycle disappears and the discharge profile becomes 
smooth at the 10
th
 cycle. After 25 cycles, the discharge capacity drops to 112 mAhg
-1
 
and voltage-capacity profiles are similar to those at the 10
th
 cycle. In the case of Ti 
substituted electrodes, it is obvious that all of them show quite different 
voltage-capacity profiles compared to pristine P2-Na2/3Ni1/4Mn3/4O2 sample. For sample 
with Ti=0.10, it delivers discharge capacity of 136 mAhg
-1
. The capacity of Ti=0.20 and 
Ti=0.30 samples at the first cycle are found to be 118 mAhg
-1
 and 113 mAhg
-1
, 
respectively. All of the Ti containing samples exhibit small capacity fading upon cycling. 
The observed discharge capacity of Ti=0.10, Ti=0.20 and Ti=0.30 samples at the 25
th
 






, respectively. This indicates that 
high capacity retention can be delivered for Ti substituted electrodes.  
 
 
Figure 6.11 Voltage-capacity profiles of P2-Na2/3Ni1/4TixMn3/4-xO2 electrodes examined 
at the current density of 20 mAg
-1 
between 2.0-4.5 V. 
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Table 6.4 The discharge capacity and capacity retention of P2-Na2/3Ni1/4TixMn3/4-xO2 
samples at different voltage ranges. 
Samples 













1st 25th 25th 1st 25th 25th 
Ti: 0 153.6 112.7 73.1 156.7 106.9 68.2 
Ti: 0.10 136.8 126.4 92.4 149.9 128.0 85.4 
Ti: 0.20 118.2 114.7 96.4 152.0 140.9 92.7 
Ti: 0.30 113.9 107.2 93.9 148.9 132.8 88.7 
 
The charge-discharge profiles of samples carried out at the potential range between 
2.0-4.5 V are shown in Fig.6.11. For pristine electrode, the first cycle discharge capacity 
shows nearly the same value as that of the cycled between 2.0-4.3 V. Also, there is 
barely change in the shape of the capacity-potential profiles. One can easily find that the 
discharge capacity of P2-Na2/3Ni1/4Mn3/4O2 drops drastically with cycling and decreases 
to 107 mAhg
-1
 after 25 cycles. On the other hand, Ti substituted samples exhibits 
improved reversible capacity and capacity retention. Compared with the samples cycled 
between 2.0-4.3V, one can notice that the discharge capacity of Ti containing samples at 
the first cycle increase with increasing Ti content. Especially for Ti=0.20 and Ti=0.30 










Figure 6.12 Comparison of total discharge capacity, capacity delivered above 3.5 V and 








Through careful observation of the voltage profile it is noticeable that most of the 
discharge capacity loss of un-substituted P2 electrode occurs at high voltage region. In 
order to quantify the capacity loss at different voltage, the discharge capacity of Ti=0 
and Ti=0.20 electrode delivered in the region of 4.5-3.5V and 3.5-2.0V are presented in 
Fig.6.12. As show in Fig.6.12 (a), the discharge capacity loss for un-substituted P2 
electrode mainly occurs in the range of 4.5-3.5V, while there is no obvious change in the 
capacity delivered below 3.5V. However, in the case of Ti=0.20 electrode, the capacity 
loss in both voltage ranges is small, suggesting Ti=0.20 electrode shows enhanced 
cycling performance. This comparative study of the capacity loss indirectly reveals that 
the capacity fade of P2-Na2/3Ni1/4Mn3/4O2 electrode mainly results from the irreversible 
change occurred at the high voltage. Consequently, it is crucial to control the voltage 
range of the cell so as to obtain electrode with good cycling performance. 






Figure 6.13 Cycle performance of P2-Na2/3Ni1/4TixMn3/4-xO2 electrodes measured at 
different upper cut-off voltages. (a) 2.0-4.3 V and (b) 2.0-4.5 V. 
 
Furthermore, it is easy to find that that there is clear phase transition above 3.8 V for 
P2-Na2/3Ni1/4Mn3/4O2. According to the in-situ XRD results of P2-Na2/3Ni1/3Mn2/3O2, the 
NaxNi1/3Mn2/3O2 (0<x<2/3) in P2 structure remains below 3.8V
 [14]
. Further, when the 
electrode crosses the long voltage plateau at around 4.2V, O2 phase started to appear. It 
is supposed that the phase transition above 3.8 V would drastically deteriorate the 
electrode performance. Consequently, the cyclability and rate capability of pristine 
P2-Na2/3Ni1/4Mn3/4O2 and Ti=0.2 samples were examined with the lower cut-off voltage 
of 3.8V to get possible insights into the influence of Ti substitution on the electrode 























































































































cycled with the lower cut-off voltage of 3.8V, the charge capacity at the first cycle of 





respectively. However, it is surprising to notice that P2-Na2/3Ni1/4Mn3/4O2 shows 
relatively improved cycling performance compared to Ti substituted sample. 
Furthermore, there is no obvious difference in the rate capability for both electrodes. 
Combing the electrochemical results of samples with cut-off voltage of 4.3V and 4.5V, 
it is supposed that the Ti substitution would have the effect in suppressing drastic phase 
transition above 3.8 V. The influence of Ti substitution on the stabilization of the P2 
structure with will be discussed latter in this section. 
 
 
Figure 6.14 Cycle performance of P2-Na2/3Ni1/4TixMn3/4-xO2 electrodes measured at 
different upper cut-off voltages. (a) 2.0-4.3 V and (b) 2.0-4.5 V. 
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Fig.6.14 (a) and (b) display the discharge capacity and capacity retention of the P2 
samples upon cycling. The cycling performances were performed between the voltage 
range of 2.0-4.3 V (a) and 2.0-4.5 V (b) at the current density of 20 mAg
-1
. At the initial 
10 cycles, it is clear that the discharge capacity of pristine electrode decreases gradually 
upon cycling and shows small capacity loss after 10 cycles. For Ti substituted samples, 
good cycling performance can be observed. Among them, Ti=0.10 electrode delivers the 
highest reversible capacity even after 25 cycles. By comparing the variation of capacity 
retention with cycling one can find that Ti substituted samples give enhanced capacity 
retention. As presented in Table 6.4, the capacity retention of Ti substituted electrode 
after 25 cycles are 92% (Ti=0.10), 96% (Ti=0.20) and 94% (Ti=0.30), respectively. 
While pristine electrode only shows a capacity retention of 73% at the same cycles. This 
reveals that partial substitution of Mn with Ti significantly enhance the cycling 
performance of P2-Na2/3Ni1/4Mn3/4O2.  
Fig.6.14 (b) shows the cycling performance of cycled under higher cut-off voltage of 
4.5 V. When the pristine electrode was cycled between 2.0-4.5 V, it is clear to notice that 
capacity decrease dramatically with cycling. The capacity retention of pristine electrode 
is only 68% after 25 cycles. On the other hand, the reversible capacity of Ti substituted 
electrodes increase with increasing the upper cut-off voltage. Also, from the capacity 
retention variation one can different that Ti substituted electrodes exhibit improved 
capacity retention compared to pristine electrode. By combing the above discussion, it 
can be concluded that improved cycling performance of Ti substituted electrode can be 
obtained for both voltage ranges.  
Rate capability is also important parameter for the evaluation of the performance of a 
certain cathode material. Fig. 6.15 shows the rate performance of the cathodes examined 




at the voltage range of 2.0-4.3 V (a) and 2.0-4.5 V (b). From Fig.6.15 (a) one can notice 
that the pristine electrode exhibits higher reversible capacity at low rate range. However, 
obvious capacity fade can be observed for pristine electrode with increasing the 
discharge rate. The discharge capacity of un-substituted electrode at 2.0 C decreases to 
around 70 mAhg
-1
. Further, pristine electrode deliverers a discharge of ~110 mAhg
-1
 
when the discharge rate was set back to 0.125 C. Generally, beside Ti=0.10 electrode 
which delivers the excellent performance at all rates,  the other Ti substituted 
electrodes also exhibit enhanced rate capability though they show relatively smaller 
reversible capacity than Ti=0.10 electrode at the voltage range of 2.0-4.3 V. At higher 
cut-off voltage, as shown in Fig.6.11 (b), it is obvious that the Ti substituted electrodes 
show improved rate capability.  
 
  
Figure 6.15 Rate capability of P2-Na2/3Ni1/4TixMn3/4-xO2 electrodes examined at 
different upper cut-off voltages. (a) 2.0-4.3 V and (b) 2.0-4.5 V. 
To further investigate the possible variations in the voltage-capacity profiles, the 
discharge curves of electrodes at various rates are shown in Fig.6.16. Table 6.5 
summarizes the discharge capacity and average potential of electrodes obtained from 












































































Fig.6.16. For Ti=0, it can offer a discharge capacity of 143.4 mAhg
-1
 at 0.25 C and 
discharge capacity decreases to 91 mAhg
-1
 at 2.0 C. Expect for Ti=0.30 electrode, 
Ti=0.10 and Ti=0.20 show higher discharge capacity than that of Ti=0 at any rates. The 





, respectively.  
 
Figure 6.16 Discharge profiles of P2-Na2/3Ni1/4TixMn3/4-xO2 electrodes examined at 
various rates at upper cut-off voltages of 4.5V. 
Table 6.5 The discharge capacity and average potential of P2-Na2/3Ni1/4TixMn3/4-xO2 
samples measured at various rates. 
Samples 
Discharge capacity  (mAhg
-1
) Average Potential  (V vs Na/Na
+
) 
0.25 C 0.50 C 1.0 C 2.0 C 0.25 C 0.50 C 1.0 C 2.0 C 
Ti: 0 143.4 131.2 117.1 91.1 3.25 3.19 3.15 3.08 
Ti: 0.10 141.1 135.6 128.8 113.9 3.31 3.35 3.29 3.15 
Ti: 0.20 142.2 136.4 128.7 112.9 3.34 3.35 3.31 3.18 






















































































Furthermore, it is also noticeable that average potential of the electrodes change with 
the discharge rate. The average potential of un-substituted electrode at 0.25 C is 3.25 V 
and deceases with the discharge rate. When the discharge rate increases to 2.0 C, 
average potential of un-substituted electrode drops to 3.08 V. In contrast, Ti substituted 
samples give high average potential over pristine electrode at discharge rates. Even at 
high rate, the average potential of Ti=0.20 electrode is still 3.18 V. The relatively high 
average potential of Ti substituted electrodes during various rates reveals that their rate 
capability is superior to un-substituted electrode. Possible reasons for the enhanced rate 
capability of Ti substituted electrode are still under investigating.  
 
 
Figure 6.17 Voltage-capacity profiles of P2-Na2/3Ni1/4TixMn3/4-xO2 electrodes measured 
at 5
 o


















































The electrochemical performance of Ti=0 electrode and Ti=0.20 electrode examined 
at low temperature of 5
 o
C are shown in Fig.6.17. As expected, the reversible capacity of 
un-substituted electrode dramatically dropped and can only deliver a reversible 
discharge capacity of ~70 mAhg
-1
. Further, it can be seen that the capacity delivered in 
high voltage region is extremely small. On the other hand, Ti=0.20 electrode can still 
gives a reversible capacity over 100 mAhg
-1
. Most importantly, around half of the 
capacity is delivered above 3.0 V, indicating relatively high energy density can still be 
maintained after prolonged cycling.  
 
 
Figure 6.18 Ex-situ XRD results of discharged P2-Na2/3Ni1/4TixMn3/4-xO2 electrodes at 
different the 1
st
 and 25th cycle. 
 
From above discussion, it was found that Ti substituted show improved cycling 
performance and rate capability over pristine P2-Na2/3Ni1/4Mn3/4O2.  In order to 
investigate the possible reasons for the improved performance of Ti substituted samples, 


























































































































ex-situ XRD measurement of the cycled electrode was carried out. Fig.6.18 presents the 
XRD patterns of Ti=0 (a) and Ti=0.20 (b) electrode after1
st
 discharge and 25th discharge. 
For comparison, the two pristine electrodes are also presented in Fig.6.18. For Ti=0 
electrode, it is obvious that peaks become broader compared to pristine electrode after 
1
st
 discharge. Even though the broadness of diffraction peaks can be observed, it was 
found that the peaks can be still index to P2 structure. This indicates that sodium ions 
can be reversibly extracted and inserted into P2-Na2/3Ni1/4Mn3/4O2. However, after 25 
cycles, the intensity of (002) peak significantly decreases and other peaks become much 
broader, implying that the main structure is interrupted during long cycling. On the 
other hand, one can notice that there is no big change in the diffraction peaks of Ti 
substituted electrode after cycling, suggesting that P2 structure can be maintained even 
after long cycling test. Consequently, improved electrochemical performance can be 
obtained for Ti substituted samples. Similar to metal ion substituted 
P2-Na2/3Ni2/9M1/9Mn2/3O2
[22]
, it is suggested that the stabilization of main structure with 
Ti substitution would account for the enhanced electrochemical performance. Further 
studies on understanding the other possible reasons for the improved electrochemical 
performance of Ti substituted P2-Na2/3Ni1/4Mn3/4O2 are in progress.  
 
6.4 Conclusions 
We investigated the structure and electrochemical properties of metal ion substituted 
P2-Nax2/3Ni2/9M1/9Mn2/3O2. It was found that partial substitution of Ni with other metal 
ions has no effect on the long-range structure of P2-Na2/3Ni1/3Mn2/3O2. However, the 
short-range structure might be affected by metal substitution as proved by Raman and 
FTIR spectrum analysis. Metal ion substituted samples display sloping charge-discharge 




curves, which might be related to the different charge transfer mechanism. Furthermore, 
they exhibit enhanced cycling performance compared to that of pristine 
P2-Na2/3Ni1/3Mn2/3O2. It is suggested that the stabilization of the main structure with 
metal substitution would contribute to the improved electrochemical performance. Our 
study suggests that small amount substitution of Ni with other metal ions in 
P2-Na2/3Ni1/3Mn2/3O2 would enable us to design cathode material with enhanced 
electrochemical performance for Na ion batteries. 
The structure and electrochemical properties of Ti substituted P2-Na2/3Ni1/4Mn3/4O2 
were investigated in this study. It was found that the partial substitution of Mn with Ti 
have no effect on the long-range structure of P2-Na2/3Ni1/4Mn3/4O2. However, Raman 
and FTIR spectrum analysis suggest that the short-range structure might be affected by 
Ti substitution. In contrast to the multi-step type charge-discharge profiles for pristine 
P2-Na2/3Ni1/4Mn3/4O2, Ti substituted samples display sloping charge-discharge curves, 
which might be related to the smooth charge transfer after Ti substitution. Furthermore, 
Ti substituted samples exhibit enhanced cycling performance and rate capability 
compared to that of pristine P2-Na2/3Ni1/4Mn3/4O2. Although the origin of such voltage 
profile change for the Ti substituted samples is unknown, our study suggest that 
substitution of Mn with Ti in P2-Na2/3Ni1/4Mn3/4O2 would be a promising approach for 
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As is well reported for Lithium-excess manganese metal oxide based cathode, 
this kind of material has draw great attention of many researchers owing to the 
high energy density. Despite the excellent properties, Lithium-excess manganese 
metal oxide based cathode shows large irreversible capacity at the initial cycle thus 
leads to a low first cycle efficiency. Furthermore, their poor cycleability upon 
cycling also needs to be overcome. Therefore, it is necessary to improve both the 
first cycle efficiency and cycling performance of this cathode material so as to 
meet the practical application requirements. Until now, many approaches have 
been applied to improve the first cycle efficiency and cycleability of 
Lithium-excess layered cathode materials. Both the pre-cycling treatment and 
surface modification proved to be effective ways to resolve the above issues.
 
 
However, due to the great variety of composition of Lithium-excess layered 
cathode materials, it is not hard to imagine that it would be difficult to determine 
the best precycling treatment conditions. Even though the drastic enhancement in 
the electrochemical performance of Lithium-excess layered cathode materials after 
surface modification, it is difficult to control the thickness and uniformity of the 
coated material. We proposed a new facile synthetic route for Lithium-excess 
layered based cathode materials through the reduction-ion exchange reaction of 
sodium containing layered metal oxide in LiNO3–LiI molten system. It was found 
that the as-prepared cathode materials show enhanced first cycle efficiency and 
cycling performance. In addition, the improvement of the electrochemical 




performance of P2-Na2/3NixMn1-xO2 cathode material for Na ion batteries through 
metal ion substitution was also discussed. The main conclusions of this thesis were 
summarized as follows: 
1. A new synthesis procedure has been developed to obtain Li2MnO3 related cathode 
materials via a simultaneous reduction-ion exchange of P3 type Na2/3Ni1/3Mn2/3O2. 
Compared with the samples prepared from conventional ion exchange method, 
extra Li, more than 1/3 mol, were successfully incorporated in Li2/3Ni1/3Mn2/3O2 
matrix to form LixNi1/3Mn2/3O2 under a simultaneous reduction with LiI. The as 
prepared LixNi1/3Mn2/3O2 showed almost the same XRD patterns and similar 
cationic environment as that of Li-excess manganese oxide based cathode 
materials. From the galvanostatic charge-discharge curves it was found that 
LixNi1/3Mn2/3O2 cathode exhibited Li2MnO3 type potential-capacity profiles. 
Furthermore, LixNi1/3Mn2/3O2 cathode showed small irreversible capacity and 
improved cycleability. The XRD, FTIR and Raman results of LixNi2/9M1/9Mn2/3O2 
suggested that partially substitution of Ni with other foreign metal ions seemed to 
have little effect on the structure of LixNi1/3Mn2/3O2. Mg substituted cathode 
showed improved cycleability as well as rate capability compared to other metal 
ions substituted samples. It was considered that Mg substitution could be 
beneficial for stabilizing the LiMnO2 structure thereby leads to improved 
electrochemical properties. It was demonstrated that the simultaneous 
reduction-ion exchange method can be used to prepare Li-excess manganese 
based cathode material with enhanced first cycle efficiency and cycleability. 
 
 




2. LixNi1/3Mn2/3O2 cathode materials were synthesized through a facile reduction-ion 
exchange of P3-Na2/3Ni1/3Mn2/3O2 precursors prepared by various synthesis 
methods. It was found that precursor synthesis method influence the structure, 
morphology and electrochemical performances of LixNi1/3Mn2/3O2. XRD results 
of LixNi1/3Mn2/3O2 suggest that all the samples exhibit similar XRD patterns as 
those of Lithium-excess layered cathode materials. It is suggested from the SEM 
images and BET results that the particle size, particle aggregation and surface 
area of LixNi1/3Mn2/3O2 depend greatly on the precursor synthesis method. 
Li1.41Ni0.32Mn0.66O2+δ can deliver a high first discharge capacity of ca. 270 mAhg
-1
 
with an initial cycle efficiency as high as 98%. The discharge capacity of 
Li1.41Ni0.32Mn0.66O2+δ cathode after 30 cycles is over 250 mAhg
-1
 and it can 
deliver a discharge capacity roughly 210 mAhg
-1
 at a current density of 500 
mAg
-1
 (2C rate). Also, it was found that Li1.41Ni0.32Mn0.66O2+δ cathode shows 
enhanced electrochemical performance over the Li2/3Ni1/3Mn2/3O2 cathode in 
terms of reversible capacity and rate capability. This study indicates that 
LixNi1/3Mn2/3O2 cathode material with improved cycle stability and rate 
performance can be obtained through the optimization of precursor synthesis 
method. 
3. O3-LixNi1/3Mn2/3O2 (x>2/3) was synthesized from P2 type Na2/3Ni1/3Mn2/3O2 
precursor via reduction-ion exchange method. Raman scattering and FTIR results 
suggest that LixNi1/3Mn2/3O2 shows similar cationic environment as that of 
O3-LixNi1/3Mn2/3O2 prepared from P3-Na2/3Ni1/3Mn2/3O2 precursor. The 
LixNi1/3Mn2/3O2 cathode shows stable cycling performance and delivers a 
discharge capacity of 230 mAhg
-1
 after 30 cycles. Also, LixNi1/3Mn2/3O2 cathode 








 (~2.5C rate). It is 
suggested that LixNi1/3Mn2/3O2 cathode exhibits enhanced electrochemical 
performance over Li2/3Ni1/3Mn2/3O2 cathode in terms of reversible capacity and 
rate capability. The improved electrochemical performance of LixNi1/3Mn2/3O2 
prepared through reduction-ion exchange method demonstrates that it has great 
potential as a promising cathode material for lithium ion batteries. Through the 
investigation of the reduction-ion exchanged products of Na0.44MnO2 and its Ti 
substituted samples, it was found that Li2MnO3 related cathode can also been 
synthesized. In this case, it is necessary to optimize the reduction-ion exchange 
condition, such as reaction temperature and LiI to precursor ratios, so as to 
improve the reversible capacity and cycleability of Li2MnO3 related cathode. 
4. The reaction mechanism of Na2/3Ni1/3Mn2/3O2 in LiNO3–LiI molten salt system 
was investigated. It was proved that the reduction-ion exchange process 




, ion-exchange of 




. It was suggested that the 
generation of pure Li-excess phase from Na2/3Ni1/3Mn2/3O2 should be carried out 
with strong oxidation environment. Meanwhile, it is also important to control the 
reaction atmosphere since the oxidation of LiI with O2 should be avoided. 
Therefore, it would be suitable to obtain Li-excess phase by carrying out the 
reaction in LiNO3–LiI under N2.More advanced structural analysis techniques are 
necessary to further clarify the reasons for the improved electrochemical 
performance of LixNi1/3Mn2/3O2 electrode material. The study of the reaction 
mechanism for the formation of Li-excess phase from Na2/3Ni1/3Mn2/3O2 in 
LiNO3–LiI system will definitely prove some useful information for designing 




Li-excess based cathode materials with promising performance. 
5. The structure and electrochemical properties of metal ion substituted 
P2-Nax2/3Ni2/9M1/9Mn2/3O2 was studied. It was found that partial substitution of Ni 
with other metal ions has no effect on the long-range structure of 
P2-Na2/3Ni1/3Mn2/3O2. However, the short-range structure might be affected by 
metal substitution as proved by Raman and FTIR spectrum analysis. Metal ion 
substituted samples display sloping charge-discharge curves, which might be 
related to the different charge transfer mechanism. Furthermore, they exhibit 
drastic enhanced cycling performance compared to that of pristine 
P2-Na2/3Ni1/3Mn2/3O2. It is suggested that the stabilization of the main structure 
with metal substitution would contribute to the improved electrochemical 
performance. The results  suggest that small amount substitution of Ni with 
other metal ions in P2-Na2/3Ni1/3Mn2/3O2 would enable us to design cathode 
material with enhanced electrochemical performance for Na ion batteries. 
6. The structure and electrochemical properties of Ti substituted 
P2-Na2/3Ni1/4Mn3/4O2 were investigated in this study. It was found that the partial 
substitution of Mn with Ti have no effect on the long-range structure of 
P2-Na2/3Ni1/4Mn3/4O2. However, Raman and FTIR spectrum analysis suggest that 
the short-range structure might be affected by Ti substitution. In contrast to the 
multi-step type charge-discharge profiles for pristine P2-Na2/3Ni1/4Mn3/4O2, Ti 
substituted samples display sloping charge-discharge curves, which might be 
related to the smooth charge transfer after Ti substitution. Furthermore, Ti 
substituted samples exhibit enhanced cycling performance and rate capability 
compared to that of pristine P2-Na2/3Ni1/4Mn3/4O2. Although the origin of such 




voltage profile change for the Ti substituted samples is unknown, this study 
suggest that substitution of Mn with Ti in P2-Na2/3Ni1/4Mn3/4O2 would be a 
promising approach for designing cathode material with enhanced 
electrochemical performance for Na ion batteries. 
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